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vAbstract
Manipulating and processing radio-frequency (RF) signals using integrated photonic devices
has recently emerged as a paradigm-shifting technology for future microwave applications.
This emerging technique is referred to as integrated microwave photonics (IMWP) which
enables the high-frequency processing and unprecedentedly wideband tunability in com-
pact photonic circuits, with significantly enhanced stability and robustness. However, to
find widespread applications, the performance of IMWP devices must meet or exceed the
achievable performance of conventional electronic counterparts. The work presented in this
thesis investigates high-performance IMWP signal processing from two aspects: the opti-
mized IMWP processing schemes and the photonic integration. Firstly, we explore novel
schemes to improve the performance of chip-based microwave photonic subsystems, such
as RF delay lines and RF filters which are basic building blocks of RF systems. A phase
amplification technique is demonstrated to achieve a Si3N4 chip-based RF time delay with
a delay tuning speed at gigahertz level. A new scheme to achieve an all-optimized RF pho-
tonic notch filter is demonstrated, producing a record-high RF link performance and complete
functionalities. To unlock the potential of RF signal processing, we investigate a new filter
concept of pairing linear and nonlinear optics for a high-performance RF photonic filter. To
reduce the footprint of the novel IMWP filter, the photonic integration of both the ring res-
onators and Brillouin-active circuits on the same photonic chip is achieved. To eliminate the
use of integrated optical circulators for on-chip SBS, on-chip backward inter-modal stimu-
lated Brillouin scattering is predicted and experimentally demonstrated in a Si-Chalcogenide
hybrid integrated photonic platform. The study and demonstrations presented in this thesis
make the first viable step towards high-performance IMWP signal processing for real-world
RF applications.
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Introduction
1.1 Background
Microwave and radio-frequency (RF) technologies have become the cornerstone that under-
pins our modern life in both civil and defence applications, enabling a wide range of trans-
formative applications such as wireless communications, vehicle navigation, radar detection
and satellite surveillance [1]. Microwave and RF frequencies are both located at the lower
frequency edge of the electromagnetic (EM) spectrum [2]. RF frequencies typically refer to
the frequency range from approximately 300 kHz (1 km free-space wavelength) to 3 GHz
(0.1 m free-space wavelength), while microwave occupies the higher frequencies, extending
from 3 GHz (0.1 m free-space wavelength) to 300 GHz (1 mm free-space wavelength, also
termed as millimeter waves) [3, 4]. It is worth noting that the terms microwave and RF are
usually commonly interchangeable, during their widespread developments and applications
in modern wideband electric systems.
Figure 1.1: Commercially exploited microwave and RF spectrum and ap-
plication examples of allocated bands. The figure is reprinted from Ency-
clopaedia Britannica.
Microwave and RF technologies were initially driven by defence applications and then
extensively developed for commercial wireless networking and communications. Due to
the wavelength-dependent properties, the microwave and RF spectrum is divided into differ-
ent bands allocated for various operations and usages, to satisfy the requirements of differ-
ent applications, as shown in Fig. 1.1. Lower RF frequencies that exhibit longer radiation
wavelengths are suitable for long-distance radio broadcast, navigation and ground commu-
nications. In contrast, the higher RF and microwave frequencies are able to provide more
fractional bandwidth for high data-rate and multi-channel wireless communications, such
as mobile communications and Wi-Fi [5]. Also, shorter wavelengths at higher frequencies
are more attractive for radar, satellite and radio astronomy applications, which allows for
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the reduction of the physical size of radar antennas and other key electronic components, as
well as the enhancement of spatial resolution and detection accuracy which is proportional
to the radiation wavelength [1, 3]. Underpinned by the rapid development of silicon-based
micro-electronics and III-V-based compound semiconductor micro-electronics, microwave
and RF devices and systems can be implemented onto monolithic micro integrated circuits
(MMICs) [6], yielding small size and low cost due to the mass-manufacturable production.
These advances have made microwave and RF systems pervasive in modern life.
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Figure 1.2: (a) The trend and forecast of total mobile data traffic. Repro-
duced from Ericsson Mobility Report (b) Opened-up and proposed RF and
microwave spectrum for the next generation of 5G wireless communications.
The explosive increased demands for higher data rate and concurrent multi-user commu-
nication have been pushing the microwave and RF applications towards high frequencies and
wide bandwidth. To accommodate the rapid growth of mobile data traffic as shown in Fig.
1.2(a), broader bandwidths at higher carrier frequencies are desired to support high-speed
data and media delivery for a large numbers of mobile device connectivity. As shown in Fig.
1.2(b), the spectrum used for the next generation of wireless communication 5G [7, 8] was
proposed to be extended to higher frequency bands exceeding 24 GHz and even up to 100
GHz, which can radically boost the wideband capacity for extreme dense deployments. Fre-
quencies higher than 100 GHz (W band and millimeter-wave band) [9, 10] are also widely
employed in radar applications for accurate targeting and radio astronomy for detecting space
radio emission and planet composition [11, 12].
However, conventional electronic devices can hardly satisfy these demanding require-
ments, mainly constrained by the limited speed of analog-to-digital (ADC) and the digital-to-
analog (DAC) conversion speed, frequency-dependent losses and restricted tunability [13].
These stringent bottlenecks can be addressed by using photonic devices and techniques to
process RF signals with THz processing bandwidth at optical communication frequencies
(typically ∼ 200THz); this emerging technique is referred to as microwave photonics (MWP).
Impressive demonstrations of MWP functionalities, including RF photonic delay lines and
filters have been made, showing unprecedented wide-range frequency tunability, large pro-
cessing bandwidth and the immunity to electromagnetic interference. To make the MWP
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devices and systems viable and practical for modern wireless and airborne applications, com-
pactness, environment stability and low power consumption are indispensable and necessary.
Fortunately, the rapid development of photonic integration circuit (PIC) technology offers
these strengths to enable these demanding requirements [14–20]. Underpinned by the PIC
technology, a collection of key photonic devices can be integrated on a chip-scale, achiev-
ing various RF photonic signal processing functionalities [21–26]. This emerging integrated
MWP (IMWP) technique is able to offer numerous benefits including compactness, stability,
light weight and low power consumption. However, so far, what hinders IMWP subsystems
making inroads into the practical RF systems is the unsatisfactory performance.
1.2 Thesis Structure
In this thesis, we explore new approaches to implement an ultra-fast tuning chip-based MWP
delay line and high link-performance chip-based MWP filters, using the linear optical ring
resonators in a low-loss Si3N4 photonic circuits. To further explore high-performance IMWP
filters, we propose an IMWP filter scheme that combines linear optical effects and the non-
linear optical effect stimulated Brillouin scattering (SBS). Proof-of-concept demonstrations
of the novel MWP filter scheme are performed in an integrated Brillouin circuit. We demon-
strate, for the first time, the on-chip backward inter-modal SBS (BIBS) in a hybrid inte-
grated photonic circuit, which potentially allows for the implementation of high-performance
IMWP signal processors. The contents in this thesis are organized as follows:
Chapter 1 introduces microwave and RF technologies, as well as existing challenges such
as the signal processing speed, bandwidth, losses and tunability limited by electronics. These
challenges motivate the development of microwave photonics (MWP). The thesis structure is
also outlined.
Chapter 2 provides an overview of microwave photonics and introduces its recent evo-
lution towards photonic-chip-based realization, i.e. integrated microwave photonics. This
chapter starts with the research motivation and the principle of MWP, followed by introduc-
ing the functionalities and applications. The key performance metrics for MWP performance
evaluation are discussed, along with available performance optimization techniques. We then
describe the recent progress in the field of IMWP and highlight the attractive advantages and
challenges.
Based on the understanding of MWP, in Chapter 3, key formulations for IMWP signal
processing are established, which implement RF transfer functions using optical response
tailoring and an RF interference technique. This chapter introduces the amplitude and phase
responses of conventional on-chip ’linear’ optical device, i.e. integrated ring resonator, and
discusses its applications as well as performance limits for IMWP signal processing. Based
on the ring resonator, the RF interference technique that enables ultra-deep filter suppression
and the RF phase amplification is discussed. To further achieve flexible tunability and sig-
nal processing resolution, a new way to construct a pi-phase-shift-only optical response by
combining the optical responses of a ring resonator and SBS is proposed.
Chapter 4 establishes the basis of IMWP signal processing using on-chip SBS. On-chip
SBS is introduced to provide reconfigurable gain resonance for MWP signal processing.
The fundamentals of SBS in optical waveguides are discussed, with the emphasis on the
underlying physics of the recent breakthrough in on-chip SBS. The fully-vectorial description
of SBS process in nanophotonics is introduced, which allows for the first prediction of on-
chip backward inter-modal SBS (BIBS).
Chapter 5 presents the investigation in time delay enhancement for MWP delay lines,
using a Si3N4 photonic circuit. Based on the RF transfer function concept established in
Chapter 3, the RF phase amplification technique is demonstrated, which can magnify the
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small RF time delay and activate ultrafast delay tunability. This RF phase amplification is
also used for Brillouin-based MWP delay lines, showing significant reduction of pump power
consumption.
Chapter 6 explores new IMWP filter schemes using transfer function tailoring and RF
interference discussed in Chapter 2. Firstly, an all-optimized IMWP notch filter scheme
was demonstrated based on the under-coupled and over-coupled Si3N4 ring resonators. The
comprehensive study of the filtering functionalities and link performance is presented. To
enhance the tunability and spectral resolution of the MWP filters, a new filter scheme of
pairing linear and nonlinear optical effects demonstrated by using a Si3N4 ring resonator and
SBS in a 4.6-km-long optical fiber. To reduce the footprint, this new MWP filter is expected
to be integrated on a photonic circuit.
Chapter 7 presents the photonic integration of Brillouin circuits with linear optical de-
vices on the same photonic chip, which allows for the demonstration of the novel filter
scheme (Chapter 6) with a significantly reduced size. However, the pump back reflection
severely limits the noise performance of the demonstrated IMWP filter. To eliminate this
issue, on-chip BIBS scheme is for the first time experimentally explored in a Si-As2S3 hy-
brid integrated platform. The demonstration of BIBS can also eliminate the need for on-chip
circulators, which allows for the mass production of on-chip Brillouin processors.
Chapter 8 summarizes the work presented in this thesis and provides an outlook of a
fully-integrated high-performance IMWP processor based on the hybrid integration technol-
ogy. The challenges and feasibility in realizing the high-performance IMWP processor are
discussed. The perspectives on future research work and opportunities are provided.
In summary, this thesis contributes to the research of high-performance IMWP subsys-
tems which are desired and critical for future real-world RF applications. The work in this
thesis approaches this goal from two aspects: new IMWP schemes and the device integration.
By combing the RF interference technique and optical spectrum tailoring, a chip-based rapid-
tuning IMWP delay line and high-RF-link-performance IMWP filters are demonstrated. Us-
ing the Si-As2S3 hybrid photonic integration platform, the first on-chip backward inter-modal
SBS is experimentally demonstrated, exhibiting great potential to enable high link perfor-
mance and future mass production. This thesis makes the first viable step to bridge the
IMWP subsystems with the high RF performance required for real-world applications.
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Figure 1.3: Structural diagram of the thesis outlines.
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Microwave Photonics and Its
Integration
Photonics has been conceived as a promising technology to process high-frequency and wide-
band RF and microwave signals, enabled by the inherent advantages of ultra-broad bandwidth
and low loss. Photonics-assisted RF techniques are capable of addressing the electronic
bottlenecks including limited operation bandwidth, frequency-dependent loss and limited
tunability that exists in traditional electronic systems [13, 27]. This chapter starts with an
overview of a typical RF front-end architecture to understand the existing performance bot-
tlenecks in conventional RF and microwave systems, which motivates the development of
Microwave Photonics (MWP). This chapter proceeds to present a literature review on the
progress of MWP over the last decades, as well as its recent trend towards the realization
using integrated photonic platforms. The performance limitations that exist in MWP systems
will be emphasized and discussed, which motivates the work of this thesis.
Figure 2.1: Existing challenges and bottlenecks of conventional radio-
frequency and microwave systems.
2.1 Challenges in RF and Microwave Technology
Manipulating and processing high-frequency RF and microwave signals brings numerous
challenges for traditional electronics [1], as shown in Fig. 2.1. These stringent challenges can
be understood by looking at the receiver diagram of a typical wireless system that contains
RF and microwave cables, amplifiers, filters, frequency mixer and signal converters [13], as
shown in Fig. 2.2. In the front end of an RF receiver, the wireless signals from the environ-
ment are collected by an antenna and then amplified by an RF amplifier. A filter is used to
suppress the interference or to channelize the signal spectrum for the further processing. To
match the operation condition of the analog-to-digital converter (ADC), the pre-processed
signals need to be down-converted to the baseband from the high carrier frequencies which
can be up to tens of GHz or even beyond 100 GHz. In this system, electrical cables are used
for device connection and signal distribution. In this typical receiver diagram, the challenges
for high-frequency signal processing mainly lie in:
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Figure 2.2: Block diagram of a typical RF receiver that contains devices and
component for signal pre-processing. RF devices including filters, amplifiers
and oscillators are needed to precede the low-speed ADC.
• Limited processing bandwidth: Digital signal processing (DSP) relying on analog-
to-digital (ADC) and digital-to-analog (DAC) converter has become a predominant
technique in modern signal processing, due to numerous advantages in terms of pro-
grammable flexibility, error correction and device compactness [28]. DSP is widely
used in RF and wireless systems. However, it is extremely difficult and expensive for
conventional ADC and DAC to process signals with high-frequency RF signals, due to
the limited sampling rate [29]. For instance, one of the state-of-the-art high-sampling-
rate ADC (AMC590) from VadaTech can process an input analog frequency only up to
15 GHz (56 gigasample per second) with 8-bit resolution. To process RF signals with
higher frequencies, the frequency mixers, local oscillators and filers are additionally
required to convert the high-frequency signals to the baseband signals, as shown in
Fig. 2.2. However, the system complexity and power consumption will be increased
[30]. Another disadvantage of DSP is the latency induced by the inter-sampling time
and settling time [31], which is undesirable for real-time and low-latency applications
such as radar targeting and situational awareness detection [32, 33].
• Frequency-dependent loss: The signal transmission loss in the electric cables that
connect RF and microwave devices is normally at the level of tens of dB/km at the sub-
GHz frequency range [34]. The transmission loss increases rapidly above 100 dB/km
at high frequencies, which hinders the wideband and remote applications [34, 35].
Although it can be negligible for the short connection, the signal loss from extended-
distance distance connection will be detrimental to the signal quality. In addition,
the transmission loss and frequency response is also very sensitive to the small cable
bending, usually causing a higher loss at the higher frequencies at smaller bend radius.
• Limited tunability: The frequency tunability of the filters and local oscillators are
important to make the RF and microwave system adaptive and dynamic in a complex
and dense spectrum environment [36, 37]. However, in conventional tunable RF and
microwave devices based on varying the MEMS capacitor [38], thin-film capacitor
[39, 40] and electrical impedance, the frequency tuning range is less than half of the
operation frequency [39]. On the other hand, the tuning speed is typically in the level
of microsecond [38], which will limit the signal pointing and switching speed of 5G
antenna and phased-array systems.
• Power Consumption: The use of RF amplifiers, ADC and DAC in RF systems will
lead to high level of power consumption [30]. These RF components can be very
power-consuming, particularly when processing wideband RF signals [13]. The high
power consumption usually causes excess heat generation in RF systems.
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To bypass these performance limitations, new techniques are desired to be capable of
directly processing the pristine analog signal with wide bandwidths at high frequencies, while
introducing low and frequency-independent loss. To achieve this goal, one efficient solution
is using analog signal processing without using ADCs and DACs. This can significantly
reduce the system cost, simplify the system complexity and allow for real-time processing.
Equally important, the use of signal transmission media with wide and transparent frequency
windows is strongly desired.
2.2 Microwave Photonics
Photonics has been a paradigm-shifting technology that has transformed the way humans
exchange and transmit information, after the first invention of the optical fiber with a re-
duced propagation loss for long-haul signal transmission [41]. Inspired by the successful
applications of optical fibers in modern optical communications, the introduction of photonic
devices and techniques to microwave and RF systems was expected to address the existing
drawbacks, in particular the bandwidth and signal loss. Such an emerging concept that com-
bines photonic and microwave techniques was first formalized in early 1990 [42, 43].
(a)
Optical Carrier
(CW) Laser
RF input
RF output
Modulation
Detection
Photonic
Link
Intensity Modulation
(b)
Figure 2.3: (a) Block diagram of a basic microwave photonic system for
signal distribution and processing. E-O: electrical-to-optical converter; O-
E: optical-to-electrical converter. The insets are the associated optoelec-
tronic devices used for the E-O and O-E conversion. (b) Schematic of the
commonly-used intensity modulation and photodetection. The CW laser is
modulated by the input electrical signal, generating the amplitude variation.
After the photonic transmission or processing, the modulated signal is trans-
formed back to electrical signal via photodetection.
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2.2.1 Basic Architecture and Advantages
Microwave photonics (MWP) is a technique that uses photonics and photonic techniques to
control and manipulate microwave and RF signals [44–48]. Fig. 2.3(a) illustrates the basic
concept of a typical MWP system. The input signal at the microwave frequency collected by
antenna transformed to the optical domain, through the electrical-to-optical (E-O) converter.
This up-converted signal is transmitted and distributed to remote locations by a photonic link,
in most of the cases using the ultra-low-loss optical fibers. At the receiving side, the optical
signal that carries the microwave signal is retrieved back to the microwave frequency domain,
via the optical-to-electrical (O-E) conversion. In addition, photonic devices or techniques can
also be utilized to realize necessary signal processing, with the wide instantaneous bandwidth
and high flexibility offered by photonics. A typical MWP system mainly consists of four
types of key function units: light source, modulation and photodetection.
Light Source
The light source of an MWP system provides the carrier at optical frequencies of the RF and
microwave signals to be distributed or processed. The most commonly-used light source is
a continuous-wave (CW) laser, while many other types of light sources are also available for
different MWP system designs and function, such as the broadband light source [49, 50], a
laser array [51] and optical frequency combs [52, 53]. Driven by the rapidly developed optical
communication, a wide range of laser sources operated in the C band (1530 - 1565 nm)
are commercially available off the shelf, such as fiber laser and semiconductor distributed-
feedback (DFB) laser. To achieve high-performance MWP signal processing, the CW laser
sources are expected to feature high output power and low noise to main high signal-to-noise
ratio. Fiber-based lasers can usually satisfy these performance [54]. However, achieving high
laser power and low noise simultaneously on integrated photonic circuits is very challenging,
limited by the heat dissipation and on-chip optical cavity quality. The noise contribution from
the laser will be discussed in the next section.
Modulation
The modulation enables the signal transformation from microwave frequency domain to the
optical frequency domain. The basic principle of the modulation is that the amplitude or
frequency properties of the light source is modulated by the RF and microwave input signals.
Modulation can be achieved through the direct modulation of the laser current and the ex-
ternal modulators. The direction modulation of lasers is usually accompanied by undesired
signal chirp [55].
In contrast, external modulations using the electro-optic modulator have gained popular-
ity, due to the large modulation bandwidth, as shown in Fig. 2.4. The basic element that
implements various modulators is the phase modulator which consists of a waveguide sec-
tion with tunable phase in response to the applied electric field, due to the Pockels effect
[56]. Different modulation formats will be discussed in detail in Chapter 3 The phase modu-
lation generates two optical sidebands with a pi-phase difference relative to the optical carrier.
By embedding the phase-variable segment in an interferometer topology, a Mach-Zehnder
(MZM) [57, 58] can be constructed, which is the most commonly-used intensity modulator
in MWP applications, as shown in Fig. 2.4(b). One of the unique properties of the intensity
modulation is the in-phase sidebands. Via the intensity modulation, the electrical signal is
mapped to the amplitude envelope variation of the optical signal, as shown in Fig. 2.3(b).
The modulated optical power after the MZM is expressed as
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Figure 2.4: Typical E-O modulation formats and the corresponding optical
spectra generated by (a) the phase modulator, (b) the intensity modulator and
(c) the dual-parallel MZM (MZM). The yellow segments in the modulators
represent the waveguide sections that enable phase modulation. The different
colors of the sidebands indicate different phases.
PMod,MZM =
Pin
2L
1 − cos[pi( VbiasVpi,DC + VRF(ωt)Vpi,RF )]
 , (2.1)
where Pin is the input optical power, L is the modulator optical loss, Vbias is the DC bias
producing the phase difference between two arms of the MZM, VRF(ωt) is the input RF signal
to the modulator and Vpi,DC and Vpi,RF are the DC and RF half-wave voltages, respectively.
In a small-signal Model when VRF(ωt)Vpi,RF  1, Eq. 2.1 can be expanded in the form of Taylor
series. Neglecting the higher-order terms, the average optical power Pav and the modulated
optical power Pmod,MZM that carries the RF signal can be extracted as
Pav,MZM =
Pin
2L
[1 − cos(φbias)], (2.2)
Pmod,MZM =
Pin
2L
piVRF(ωt)
Vpi,RF
sin(φbias), (2.3)
where the bias angle φbias is written as
φbias =
piVbias
Vpi,DC
(2.4)
Eq. 2.3 indicates a transfer function of the optical intensity at the output of the MZM,
as shown in Fig. 2.5. Through this transfer function, the time-variant electric signal will
be converted the time-variant optical intensity. From Eq. 2.3, a small RF half-wave voltage
Vpi,RF is desired to achieve a large phase shift
piVRF(ωt)
Vpi,RF
in the modulation, under the same
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VRF(ωt). In the end, the large phase shift will translate into a high modulated signal power
Pmod,MZM.
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Figure 2.5: The transfer function of an MZM.
Advanced and complex modulation format can be achieved using the dual-parallel MZM
(DPMZM). As shown in Fig. 2.4(c), the structure topology can be treated as two MZMs
incorporated in the two arms of a larger MZM. Such a modulator can provide independent
control of the amplitudes and the phases of the optical carrier and two sidebands, which is
the basis of the advanced MWP function implementations [59, 60].
Photodetection
The photodetection at the receiving side converts the modulated optical signal to RF and
microwave signals after signal transmission or processing in the optical domain, as an inverse
process of the modulation, as shown in Fig. 2.3(b). This O-E conversion is achieved by a
P-I-N photodiode with a reversed voltage bias [61]. The photodetector is a square-law device
in which the output electrical power is proportional to the square of the photocurrent and thus
is proportional to the square of the collected optical power. This square-law photodetection
is given by
PRF,out = I2Rload = γ2PDP
2
opt,PDRload, (2.5)
where I is the photocurrent which is proportional to the received optical power Popt,PD and
Rload is the loaded impedance in the photodetector. To achieve efficient photodetection, a pho-
todetector is desired to efficiently convert the broadband signals with less distortion, which
translate into three key metrics, i.e. high detector responsivity γPD, wide detection bandwidth
and high linearity [61]. A higher responsivity is associated with a high electrical signal out-
put, according to Eq. 2.5. Furthermore, the high power handling capability is also desired,
particularly in MWP systems where high optical power is needed to compensate the signal
losses. However, these key features cannot be simultaneously optimized due to the design
trade-offs [62, 63]. In general, to achieve a high bandwidth, the P-I-N photodetector volume
with a low electrical parasitic capacitance is desired. However, this low detector volume is in
conflict with the light absorption and power handling.
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2.2.2 Microwave Photonic Link
As the simplest form, the MWP link only consists of an ultra-loss optical fiber link between
the E-O and O-E converters, as shown in Fig. 2.6. It has been widely used in RF and mi-
crowave signal transport and distribution over an extended distance, exhibiting the advantages
of broad bandwidth, low loss and less configuration complexity.
RF
Output
Optical fiber
Modulator
PhotodetectorLaser
RF Input
Figure 2.6: Block diagram of a basic microwave photonic link.
In 1977, the very first proof-of-concept demonstration of utilizing MWP links for tele-
vision video signal transmission was reported to enable an extended transmission distance
of 14 km with acceptable performance, using direct modulation of a light-emitting diode, an
optical link with a loss of 4 dB/km and an avalanche photodiode (APD) [64]. MWP links
were used to eliminate the ADC and DAC conversion for high-frequency video signals [65–
67]. In these applications, the MWP link performance was intensely studied to increase the
signal gain, reduce the noise and nonlinear distortions [68].
At the same time, the military electronic-warfare (EW) applications, have driven the
extensive study and improvements of MWP links, to deliver high performance [4, 71]. One
of the typical applications of MWP link is remoting the antenna sensors on a large aircraft,
which can achieve a wide antenna coverage with low loss, as shown in Fig. 2.7(a). The large
antenna coverage provides a more accurate time difference measurement of the incoming
signal, which is the basis of the higher direction finding accuracy [72].
Benefiting from the aforementioned military applications, numerous applications of MWP
links in civilian wireless communications and academic research also spring up, such as
radio-over-fiber (RoF) systems [70, 73–75] and radio astronomy [76, 77]. In these appli-
cations, the operation frequency band can be as high as 110 GHz [78]. The key idea that
motivates the RoF and large-collection-area antenna array is the ultra-low-loss and wideband
optical fiber connection of the MWP links from the remote antennas to the central processor.
The MWP links enable the simplification of the system design and cost reduction, by shifting
the signal processing function from the antennas which only receive and transmit signals, as
shown in Fig. 2.7(b) and Fig. 2.7(c). This separation also provides additional benefits. The
separation and relocation of the central processor can mitigate the electromagnetic interfer-
ence form the nearby RF transmitter and can move the processor-generated heat away from
the dense antenna arrays [13].
In these applications, the MWP links must deliver a high link performance that can match
and compete with the conventional electronic counterparts implemented by coaxial cables
and low-noise amplifier. These key measures are link gain, noise figure and dynamic range;
these figures of merits will be discussed in the later Section 2.3. Typically, for wireless
mobile communications, a sub-10-dB noise figure and a dynamic range of more than 120
dB at a noise bandwidth of 1 Hz are needed for RF and microwave signal remote feeding
[34]. To satisfy this target performance, MWP links have been explored and optimized to
achieve a record-low noise figure of 3.4 dB [79] and a dynamic range of more than 130
dB [29]. High-performance MWP links with compact transmitter and receivers from APIC
Corporation have been commercially available, yielding a noise figure of < 8 dB, a dynamic
range of > 115 dB and an operation bandwidth up to 30 GHz.
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(a)
(b)
(c)
Figure 2.7: (a) An example of the antennas distributed at the extremities on
an aircraft for direction finding applications. [69]. The antenna groups indi-
cated by the colored arcs are connected with the centrally located processor
for signal analysis and processing. (b) The concept diagram of a RoF scheme
where central office for complex signal processing and remote antennas are
connected by MWP links [70]. (c) Artist impression of a large and extended
millimeter array for radio astronomy applications where collected signals are
distributed through MWP links to a remote central processing office. From
European Southern Observatory.
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2.2.3 Microwave Photonic Signal Processing
Microwave photonic signal processing can be achieved using functional photonic devices to
process RF signal in the optical domain, benefiting from the large instantaneous processing
bandwidth, low loss and high tunability offered by photonics. A typical architecture of an
MWP processing system that uses functional photonic devices between the E-O and O-E
conversion is shown in Fig. 2.8. Driven by the need to enhance or replace the conventional
electronic devices in RF systems as typically shown in the Fig. 2.2, a wide range of MWP
signal processing functionalities have been demonstrated, yielding competitive and even bet-
ter performance than the electronic counterparts. In this section, the MWP signal processing
function will be reviewed, with emphasis on MWP delay lines and MWP filters.
Photonic processing
Time delay
Filtering
Phase shifting
Generation
Switching...
RF
OutputModulator
PhotodetectorLaser
RF Input
Figure 2.8: Block diagram of microwave photonic systems for signal pro-
cessing.
MWP Delay Lines
The delay line is a basic building block in RF and microwave systems, which can delay and
store the information before being processed and transmitted by subsequent subsystems. One
of the important application scenarios is that the incoming signal in a receiver needs to be
buffered or stored until the other processing units are tuned to the frequency or bandwidth of
interest. The use of a delay line can compensate the time delay of this tuning process [13].
The delay line also plays a key role in modern phased-array radar development and appli-
cations, in which the time delay is adjusted in each antenna unit. In the receiver side, the
received signal pulse in each antenna unit is needed to be synchronized to add up construc-
tively for signal enhancement, while in the transmitter side the relative delay of each signal
pulse is adjusted to form a desired wavefront for radar signal pointing in different directions
[80, 81]. In these applications, it is obvious that delay lines are required to have a consider-
able amount of time delay, low loss, broad bandwidth and continuous delay tunability.
Photonic devices and effects have been conceived and widely investigated to implement
MWP delay lines, addressing the aforementioned challenges. A typical application of the
MWP delay lines in the beamforming system with equally spaced RF antenna units is shown
in Fig. 2.9. In the beamforming system, the signal timing is adjusted by the delay line to form
a wavefront aiming at the desired directions. Here, we show an example of a phased array
antenna operating at a center frequency of 10 GHz within X band (8–12 GHz). The spacing
between any two adjacent antenna elements is set to half of the free-space wavelength of the
RF carrier at frequency f = 10 GHz. In order to achieve a scanning angle of θ =30°, the
required relative time delay between any adjacent antenna elements is T = sin θ/(2 f ), i.e.
0.25 ns [82, 83]. To achieve a larger scanning angle, a longer time delay is required.
A very straightforward and simple implementation of a MWP delay line is using the long
optical fiber as the signal delay medium [84, 85], in a similar form shown in Fig. 2.6. The
amount of the time delay in such MWP delay line is determined by the physical length of the
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Figure 2.9: A typical scheme of a beamforming system using photonic delay
lines to steer the beam pointing direction [29].
optical fibers, which can be calculated using a simple expression given by
t =
ne f f , G · L
c
, (2.6)
where ne f f , G is the effective group index of the light waves in the optical fiber, L is the
physical length of the optical fiber and c is the speed of the light waves in the vacuum.
The optical-fiber-based delay line shows a massive transparent bandwidth for RF photonic
signals with an extremely low loss of 0.04 dB/us [13] (due to the typical loss of less than
0.18 dB/km reported by Corning Inc.). This is in stark contrast to high propagation loss
typically in the order of 10s dB/us in the copper micro-strip or cables [86]. To make the
optical fiber delay line more compact, controllable and tunable, the idea of folded optical
delay lines [87] was used to implement a recirculating delay line configuration, in which the
light waves are recirculating in an optical fiber loop until subsequently being released after
integer numbers of the recirculating time [86]. However, these delay line architectures cannot
provide a continuously-tunable time delay which is crucial for applications.
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Figure 2.10: The schematic of a MWP delay line based on the optical slow-
light effect.
Another type of MWP delay lines that rely on the slow-light effect was proposed, after
the advent of the slow-light-based optical delay lines [88, 89]; these slow-light-based delay
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lines enable the continuous tunability of the time delay. The basic principle of the slow-light
based time delay is to impart a broadband phase response to the light waves propagating in the
optical waveguides, which will change the group velocity of the light waves and eventually
delay the propagating time. As qualitatively shown in Fig. 2.10, the induced broadband phase
response (dispersion) spans over the spectrum of the optical signal that carries the RF signal,
generating a relative time delay of the signal pulse due to the change in the group velocity.
The time delay of the optical pulses will be mapped to the time delay of the RF signal after the
O-E conversion. In this case, although the induced relative time delay can also be described
by Eq. 2.6, a more intuitive expression that associates with the phase response is given by
t =
∂φ(ω)
∂ω
, (2.7)
where φ is the frequency-dependent phase induced by structural resonance [89, 91, 92] or
the material resonance [93, 94], and ω is the angular frequency [90] . The slow-light effect
can be induced using fiber Bragg grating [89, 91, 92, 95] and nonlinear optical effects such
as stimulated Raman scattering (SRS) [96] and stimulated Brillouin scattering (SBS) [93,
97–100] in optical fibers. Recently, compact photonic devices were also utilized to imple-
ment slow-light-based time delay, such as the photonic crystal waveguide [101], integrated
resonators [102–104], sub-wavelength Bragg grating [105] and on-chip SBS [106–110]. The
SBS-based MWP delay line has attracted interest, due to its optically-controllable and contin-
uous tunability of both time delay and operation bandwidth. These will be further discussed
in details in later chapters.
The tuning speed of the time delay is still constrained by the slow tuning schemes, typ-
ically the thermal tuning of the order of microseconds [103, 111]. For the beamforming
systems that require rapid signal pointing, an ultra-high tuning speed of delay lines is desired
to match the RF signal bit length [112], typically of the order of ns. Recently, initial efforts
have been made to significantly increase the tuning speed to sub–ns level by using the com-
plementary phase-shifted spectra (CPSS) [113] and plasmonic modulator [112]. However, to
further push the upper limit of the time delay and tuning speed, new techniques need to be
explored and studied.
MWP Filtering
The RF and microwave filter is an important basic building block in the front end of an
RF receiver, in which it is used to isolate the interference from the transmitter itself, block
the jamming signals to avoid amplifier saturation and channelize the signal of interest [2,
13]. Implementing the RF and microwave filters based on the photonic approach is of great
interest and importance to enable the wide-band and flexible tunability that is challenging for
conventional electronic filters to achieve [114].
The most common scheme to implement an MWP filter is using the multi-tap photonic
architecture, inspired by the idea of the discrete-time signal processing that is commonly
considered in RF filter designs [114–116]. In MWP filters based on the multi-tap architecture
(also referred to transverse architecture in literature) shown in Fig. ??, the modulated optical
signal is split into each tap that usually consists of an optical delay line and an amplitude
control components, before being combined together and detected by the PD. In theory, the
transfer function in the domain of the multi-tap MWP filter is descried by the expression
H(w) =
N−1∑
n=0
ane− jnθn · e− jωn∆T , (2.8)
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where an is the weight of signal in n–th tap, θn is the carrier phase shift of the n-th sample and
∆T is the signal time delay between the adjacent taps. MWP filters with a limited number of
taps are categorized to the finite-impulse-response (FIR) filter, while MWP filers with a large
enough tap number approximating +∞ refers to the infinite-impulse-response (IIR) filter
which allows for a narrower filter bandwidth and a higher filtering selectivity [114, 117].
From Eq. 2.8, one key feature can be noted that the transfer function is periodic, with a free
spectral range determined by the 1/∆T . From the numerical calculation results shown in Fig.
2.11(b), the transfer function with complex coefficients of the multi-tap MWP filter can be
changed by altering the values of an, θn and ∆T , achieving arbitrary spectral responses [114,
116, 117], as shown in Fig. 2.11(b). This type of MWP filters with complex coefficients
can be implemented using a coherent laser source, generating complex mutual interference
among the multiple taps in the photodetection process. However, this MWP filter operated in
the coherent regime is quite sensitive to environment fluctuations, as the interference is very
sensitive to the phase change θn in each tap.
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Figure 2.11: (a) The architecture of a MWP filter based on the multi-tap
configuration. The light source can be incoherent broadband source or a
laser array. (b) Different RF filter responses obtained by varying the value of
the time delay, the total tap number and the phase shift in Equation. 2.8
In a more practical way, this transverse filter is preferably implemented in the incoherent
regime to avoid the interference and enhance the stability, in which only the power/intensity
of optical samples sum up in the photodetector. At the early stage, the incoherent MWP filter
utilized sliced broadband light sources or CW lasers that split to multiple taps [49–51], only
providing limited number taps which hindered the filter spectra resolution. To make the MWP
filter scalable to a large number of taps in a simple and low-cost form, the emerging optical
frequency comb was used as a light source array, generated by electro-optic modulation [52,
53] or optical Kerr cavities [118]. Each optical comb tooth acts as an independent tap. The
comb light source passes through a dispersive medium such as the dispersion-compensating
fiber (DCF) [52, 53] or compact photonic crystal waveguides [101], acquiring different delay
for each tap. The impressive comb-based implementation is able to be free of the baseband
response [52, 53], also enabling ultrafast tuning [53] and the potential of filter integration
[101, 118]. However, the multi-tap MWP filter scheme remains challenging to achieve the
2.2. Microwave Photonics 19
filter frequency tuning while maintaining the filter shape, and vice versa, which requires
precise and complex tuning for each tap.
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Figure 2.12: The schematic of a coherent MWP filter.
On the other hand, MWP filters can be implemented in the coherent scheme without
using the multi-tap architecture [117]. This type of coherent MWP filters is generally con-
structed using a CW laser (or a few in some cases) and a pre-defined optical filter. A typical
configuration of this coherent MWP filter is shown in Fig. ??. Since it does not have multi-
tap configuration, the interference from different taps can be avoided, providing improved
stability. The E-O modulation generates a modulated optical signal with a sideband (or dual
sidebands) that carries the RF signal. An optical filer is then used to filter out some com-
ponents of the sideband, imparting a transfer function defined by the optical filer response,
as shown by the schematic spectra in Fig. ??. Via photodetection, where the optical car-
rier and the processed sidebands mix, an RF filter response will be mapped from the optical
domain to the RF domain. In this coherent MWP filter, the filter response can be designed
and controlled independently, without suffering from the effects induced by the filter fre-
quency tuning that always exists in the multi-tap filters. Different RF filter responses can be
constructed by using different optical filter responses.
Early demonstrations of the coherent MWP filter were mainly based on FBG or phase-
shifted FBG, exhibiting large form factors and low-spectral resolution (typically > GHz)
[119–121]. Over the last decade, the ring resonators [122, 123] and other forms of optical
cavities [124] that allow for light recirculating inside, have been widely used for MWP filter
implementations with bandwidth spanning from sub-MHz to tens of of GHz, with intrigu-
ing advantages including compact footprints and high-quality optical responses [59, 125–
129]. On the other hand, an optical nonlinear effect stimulated Brillouin scattering (SBS)
has recently attracted great interest of MWP research community, due to its inherent high-
resolution optical response with a bandwidth of ∼30 MHz and even sub-10 MHz [60, 130–
137].
Combined with phase modulation [119, 136, 138] or advanced modulation [59, 60, 130,
138], more advanced RF filter responses can also be achieved, showing switchable responses
[130, 138] and ultra-high filter extinction [59, 60]. The coherent MWP filer scheme will be
discussed in detail in the Chapter 3, relying on the concept of RF transfer function. In contrast
to the aforementioned MWP filters operated in the incoherent regime, these coherent MWP
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filters show numerous advantages in simplified configuration, enhanced stability, flexible
tunability and the potential of integration, as summarized in Table. 2.1.
Table 2.1: Comparisons of Incoherent and Coherent MWP Filters.
Features Incoherent MWP Filters Coherent Filters
Configuration Multi-tap (Transverse) Non multi-tap (Cascaded)
Filter Size Usually large Small
Light source Broadband/Laser array CW laser
Filter Response Periodic Periodic/Singular
Center Frequency tuning Phase Laser frequency
Shape tuning Phase&Delay&Weight Defined Filter Shape
The real-world applications of the MWP filters are still hindered by the unsatisfactory link
performance, despite advanced functions including wide tunability and high filter extinction
have been achieved. Those key metrics are the same as the ones used to evaluate the quality
of the MWP link. To maintain the RF signal quality, the MWP filter passbands need to deliver
a low link loss, a low noise figure and a high dynamic range.
Other MWP Functionalities
As the basis of MWP systems, versatile and functional photonic devices and optoelectronic
components enable a wider range of the RF and microwave functionalities, such as the phase
shifting and signal generation.
Phase shifters are important devices that control and adjust the phase of the RF and
microwave signals when propagating through a transmission line, enabling functions includ-
ing phase discrimination, signal linearization and beam forming [1, 4, 139]. An RF phase
shifter is expected to yield 360° phase shift without amplitude variation. A widely-developed
method to construct MWP phase shifters is adjusting the phase of the optical carrier using
the phase response of the optical effects or devices such as SBS resonance [140, 141] and
integrated ring resonators [142, 143]. The shifted phase of the optical carrier will be broad-
cast to the entire frequency range of RF and microwave signals via photodetection. Recently,
an MWP phase shifter achieved a continuously tunable phase shift of 360° with minimized
amplitude fluctuations, exhibiting an ultra-broad operating frequency range of from 1.5 GHz
to 31 GHz,
The RF local oscillator is a key building block that usually serves as the local oscilla-
tor (LO) for frequency conversion, as shown in Fig. 2.2. The LO is desired to generate
frequency-tunable and spectrally pure RF tones. Photodetection provides a straightforward
approach to achieving this goal, using beat notes of two CW lasers separated by the desired
RF frequencies [144, 145]. The generated RF frequency can be stabilized to reduce the phase
noise using phase-locked loop [145], injection-locking [146] and optical frequency division
[147]. Recently, the emerging optical frequency combs provide an intriguing way to produce
high-purity RF signals, using two comb teeth with desired frequency spacing [148–150].
As an optimum technique, the optoelectronic oscillator (OEO) is capable of leveraging
the broadband and frequency-agility of photonics to generate high-spectral-purity RF signals
with a low phase noise beyond 100 GHz [151–153]. By using the ultra-narrowband optical
gain response induced by SBS, the OEO can eliminate the use of RF amplifiers and filters
which ensures the single-mode oscillation while limits the wideband operation, achieving
comparable performance with respect to the commercial product [152, 154]. Alternatively,
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the single-mode oscillation can also be achieved by using the breaking parity-time symmetry
of two coupled gain and loss optical loops [155].
2.3 Link Performance of MWP
For analog signal processing, MWP systems need to meet the stringent figures of-merit of
link performance. What follows is a brief introduction to the concept of these crucial figures
of merits, before we move on to the further measurement methods and optimization tech-
niques. Detailed mathematic derivations and descriptions can be referred to literature [13,
21, 114].
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Figure 2.13: The schematic of the RF signal degradations after passing
through a two-port MWP systems in the time domain and the frequency do-
main, respectively.
2.3.1 Key Metrics for Link Performance
The key metrics used to examine the quality or the performance of the MWP links are link
gain, noise figure and spurious-free dynamic range, which translate into the signal loss,
signal-to-noise (SNR) degradation and signal distortions. These figures of merit have been
widely studied and optimized for MWP links used for RF signal distribution and transport.
Here, we consider an MWP link or system to be represented by a two-port black box which
interfaces with an RF input and an output, as shown in Fig. 2.13. In order to have an intuitive
understanding of the origins and implications of these metrics, we start with looking at the
schematic diagram that qualitatively shows the signal deterioration, based on the simulation
results. A simple RF signal input that consists of two RF tones (ω1 and ω2) separated by a
frequency spacing of ω2 − ω1 are used as the input, with a very low background noise only
from the thermal noise, as shown in Fig. 2.13. After passing through the two-port MWP
network, the RF output signal shows attenuation, additional noise and distortions caused by
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the losses, induced noise and system response nonlinearity in the MWP system. These ef-
fects will degrade the signal SNR and generate new frequencies. We now present the basic
equations for calculating the link performance metrics.
Link Gain
As a two-port network, one of the most important measures is the frequency-dependent trans-
mission coefficient S 21(ω) that describes the system transmission property. The RF link gain
at RF frequency ω of the two-port MWP system is defined as the ratio of the average output
power PRF,out (given by Eq. 2.5)to the average input power PRF,in, given by
G(ω) = |S 21(ω)|2 = PRF,outPRF,in . (2.9)
The link gain is usually expressed in decibels
Glink = 10 log10 G(ω). (2.10)
Using Eqs. 2.3, 2.5 and 2.10, the RF link gain of an intensity modulation and direct detection
(IMDD) MWP link with matched impedance in the modulator and photodetector is given by
[156]
Glink = (
piγPDRloadPin sin φbias
4LVpi,RF
)2 (2.11)
The RF link gain Glink is also frequency dependent, from which the system response can be
obtained over a frequency range. The main source to degrade the link gain of MWP systems
is the optical losses and the inefficient O-E and E-O conversion. From Eq. 2.11, the link gain
of RF signals is very sensitive to the optical losses, since the photodetector is a square-law
device, according to Eq. 2.5. In other words, an optical loss of 1 dB will be translated into
an RF loss of 2 dB. Hence, in the design of the MWP link and systems, any excessive optical
losses should be avoided or minimized. In some cases, necessary RF or optical amplification
is needed for compensating the losses in the link. Another important effect that also needs to
be considered is the inefficient E-O/O-E transducers which usually results in a basic loss of
∼30 dB [13]. To offset these losses, a high-power light source is preferable to lift the trans-
mitted optical power and therefore increase the photocurrent. However, it will increase the
requirement of a high power-handling modulator and photodetector. An alternative solution
is to use optical amplifiers, but on the other side, it will introduce the amplifier noise and
requires a high-power handling photodetector.
Noise Figure
The noise performance of an RF component or systems is evaluated by the noise factor
which is equivalently described the ratio of the SNR at the input (SNRin) to that at the output
(SNRout). The noise factor is usually expressed in decibel, i.e. the noise figure, given by
NF = 10 log10
(
SNRin,th
SNRout
)
(2.12)
where SNRin,th = PRF,in/PN,th is the input SNR with an assumption that only the thermal
noise exits at the input, and SNRout = PRF,out/PN is the output SNR with a total noise power
PN . The thermal noise is caused by the thermal fluctuations of the charge carriers in resistors.
The thermal noise power PN,th over the bandwidth B at temperature T is given by
PN,th = kBT B, (2.13)
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where kB is Boltzmann’s constant. At the standard noise temperature T = 290 K, the thermal
noise power in decibel at 1 Hz bandwidth is -174 dBm/Hz, which is usually termed as the
thermal noise power spectral density (PSD). By substituting Eq. 2.9 and Eq. 2.13 into Eq.
2.12, the noise figure is then given by
NF = 10 log10
(
PN
GlinkkBT B
)
. (2.14)
The noise figure in Eq. 2.14 is usually written in decibel for simplicity, given by
NF(dB) = PN(dBm/Hz) −Glink + 174(dBm/Hz). (2.15)
In general, the total noise power delivered to the RF signal consists of different types of
noises, given by
PN = PN,shot + PN,RIN + (1+Glink)PN,th + PN,amp, (2.16)
where PN,shot is the shot noise, PN,RIN is the relative-intensity noise (RIN) and the PN,amp
is the amplification noise induced by the RF or optical amplifiers used in the MWP systems
in some cases. The amplifier noise PN,amp usually cannot be written in a closed form, but
it can be measured indirectly. The shot noise is caused by the random fluctuations in the
photocurrent which originates from the random arrival of received photons [157]. The shot
noise variance is given by
< I2shot(t) >= 2qγPDPavB, (2.17)
where q is the elementary charge constant and Pav is the average optical power. Using Eq.
2.5, the detected electrical power of the shot noise is written as
PN,shot = 2qγPDPavBRload, (2.18)
The RIN noise originates from the random fluctuation of the laser output intensity without
any modulation. The laser RIN is usually caused by the spontaneous emission of the gain
medium in a laser cavity, pump intensity fluctuations and the instability of the laser cavity
[157]. The variance of the laser power fluctuation is given by
< ∆P2(t) >= rinP2avB (2.19)
where rin (1/Hz) is the PSD of the relative laser power fluctuations. The rin PSD is commonly
written in decibels, expressed as
RIN(dB) = 10 log10(rin). (2.20)
Using Eqs. 2.2, 2.5 and 2.20, the detected electrical noise power induced by the RIN noise is
written as
PN,RIN = 10
RIN
10 γ2PDP
2
avBRload, (2.21)
From Eq. 2.21, the RIN noise depends both on the laser property RIN and the square of the
detector photocurrent.
Fig. 2.14 shows the simulation results of the noise PSD of the RIN noise, the shot noise,
thermal noise and the total noise, when the received optical power is varied in a photodetector
with a responsivity of 0.5 A/W. When the received optical power increase, the RIN noise
increases much faster than the shot noise, while the thermal noise remains constant. This
difference in the increase rate can be understood by examining Eqs. 2.18 and 2.20. The shot
noise increases linearly as a function of the received optical power. In contrast, the RIN
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noise varies quadratically as a function of the received optical power. It should be noted that
the RIN noise will be the dominant noise source over the shot noise (also called RIN-noise-
limited regime).
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Figure 2.14: Calculated noise power density of the RIN noise, the shot noise,
the thermal noise and the total noise as a function of the received optical
power in the photodetector. Parameters used in the simulations include the
laser RIN = -160 dBc/Hz and the photodetector responsivity rPD = 0.5 A/W,
with an impedance-matched photodetector.
From Eq. 2.15, one can clearly find that the noise figure of a MWP system depends on
both on the total noise power (Eq. 2.16) and the link gain (Eq. 2.10). Hence, to achieve a low
noise figure, intuitive efforts should be made to increase the optical power in the MWP link
and minimize the noise at the same time. However, there exists a trade-off that increasing the
optical power will also increase the total noise power that is associated with the laser power
or the photocurrent. In later sections, we will review the existing link optimization technique
to relax this constraint, mainly by minimizing the RIN noise power.
Spurious-Free Dynamic Range
A key figure of merit is needed to quantify the impact of the signal distortions induced by
the system response nonlinearity. The system nonlinear responses to the input RF signal
will give rise to the generation of new frequencies, as shown by the spurs in Fig. 2.13. The
spurs mainly include the second-order harmonic distortions (HD2) at the frequencies 2ω1
and 2ω2, the second-order intermodulation distortions (IMD2) at the frequencies ω1 − ω2
and ω1 + ω2, and the third-order intermodulation distortions (IMD3) at the frequencies of
2ω2 −ω1 and 2ω2 −ω1. Higher order harmonic and intermodulation distortions are usually
less significant and far away from the signal frequencies of interest, which are not discussed
here. The HD2 and IMD3 distortions, in general, impose the lower and upper limits onto the
operation frequency range of multi-octave systems ( fhigh > 2 flow). However, in most cases,
it is less concerned in narrow-band or single-octave systems as they can be readily removed
by filters. The IMD3 distortions can be problematic, because they are sitting very close to
the signal of interest and they can hardly be filtered out. Hence, many studies also including
the work in the thesis focus on the evaluation of the third-order distortions.
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Figure 2.15: Schematic of SFDR definition. The output RF powers (in deci-
bels) of the fundamental signal and IMD components increase as a function
of the input RF power (in decibels). The lines are extrapolated from the
measured data indicated by the dots located on the lines.
The nth-order SFDR is defined as the maximum range of the output SNR when nth-order
spurious signals are equal to output noise floor. In other words, the SFDRn indicates the
maximum output SNR without the need of using filtering to eliminate the nth-oder IMD
spurious frequencies. The SFDR and other insights can be obtained by examining the output
powers of fundamental, IMD2 and IMD3 signals at different input powers.
The relation between the output and the input RF power in decibels for each frequency
component can be presented in a plot as shown in Fig. 2.15, obtained by the two-tone test of
which test method will be covered later in Section 2.3.2. The output RF powers (in decibels)
of the fundamental signal and IMD components are usually measured at various input RF
power (in decibels), as illustrated by the dots in Fig. 2.15. Straight lines are extrapolated
from the measured data points. The extrapolated lines for IMD2 and IMD3 intercept with
the extrapolated line for the fundamental signal, generating the input(output) intercept points
IIP2 and IIP3, respectively. The intercepted lines also yields output intercept points OIP2
and OIP3. From such a plot, we can find out that the output power of the fundamental
signal exhibits a linear slope of one to the input power, while the those of IMD2 and IMD3
show a slope of two and three, respectively, due to the nature of second-order and third-order
nonlinear responses, respectively. The relation between the output and input intercept points
are given by
OIPn = IIPn +Glink, (n = 2, 3). (2.22)
The SFDR2 and SFDR3 can be deduced from the definition of SFDR and the relation indi-
cated by Eq. 2.22, given by
SFDR2 =
1
2
(IIP2 −NF+ 174), (2.23)
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SFDR3 =
2
3
(IIP3 −NF+ 174), (2.24)
Detailed derivations of SFDR can be found in [13, 21, 114]. It turns out to be very convenient
to use measurable figures of merits, such as the noise figure and the intercept points to deduce
SFDR2 and SFDR3, based on Eqs. 2.23 and 2.24.
2.3.2 Measurement Methodology
The evaluation of the link performance is indispensable, in particular when considering or
evaluating if the MWP link or system can satisfy the requirements for practical deployments
in the existing RF systems. Since any MWP link or systems can be equivalently abstracted
as a black box with an RF input and output, the commonly-used techniques and methods for
characterizing traditional RF systems can also be applied to the characterizations of MWP
systems. Although the commercial toolkit is available for convenient characterizations of
some key metrics, for example, the noise figure, the link performance characterization based
on direct and controllable measurements of the system S parameters, the noise power and the
signal and spurious distortions powers is preferable and widely-used, providing more insights
of the system.
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Figure 2.16: The diagrams of setups for characterizing (a) the link gain and
(b) noise power spectral density, and for performing (c) the two-tone test.
Link Gain Measurement
The measurement of the link gain, essentially the amplitude property of the transmission
S 21(ω) parameter of a two-port electrical network, can be directly measured by a vector
network analyzer (VNA). The characterization setup is shown in Fig. 2.16(a). A variable-
frequency CW RF signal at ω is generated by a local oscillator (LO) inside the VNA and is
split into one output signal and one reference signal. The output of the VNA is sent to the
device-under-test (DUT) which is the MWP system under characterization in this case. The
output signal of the DUT is routed to the input of the VNA, before it is detected with the
local reference signal by an internal coherent receiver. After mathematical processing, both
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the amplitude and phase response (i.e. the complex S 21(ω) parameter) at this RF frequency
can be obtained. By sweeping the RF frequency across the frequency range of interest, the
link gain over this frequency span can be constructed from the real part of the measured
S 21(ω).
In practical measurements, the VNA calibration needs to be performed before the mea-
surement, to exclude the possible effects on accurate link gain measurement due to the RF
cable bending losses and other effects. Another necessary consideration is to use an appro-
priate RF output power of the VNA, in order to avoid the link gain compression due to the
nonlinear response caused by a high input RF power. The output power of the VNA is typ-
ically set to the range from -30 dBm to -20 dBm, by adjusting the variable attenuator of the
VNA. The time delay property is also of interest in some applications, which can be deduced
from the phase response, essentially the imaginary part the S 21(ω). In this thesis, the VNA
used for the link gain measurement is Agilent PNA 5224A.
Noise Figure Measurement
The measurement of the noise figure can be translated into the measurement of the link gain
and the noise PSD, according to Eq. 2.15 and Eq. 2.16. Hence, the difficult characterization
of noise figure can be deduced from two easily measurable metrics. With the measured link
gain, the noise PSD is the only parameter that needs to be measured to reduce the noise
figure. Ideally, the noise PSD can be obtained using an electrical spectrum analyzer (ESA)
to measure the output of the MWP systems, after taking out the noise contribution generated
from the ESA itself.
However, in most of the cases, the noise power (PN) of the MWP system is lower than
the noise generated by the ESA itself (PN,ES A). This is because the MWP system is lossy
due to the inefficient O-E/E-O conversion and the possible photonic losses. In order to lift
the noise power to a measurable level higher than the dominant ESA noise, a low-noise RF
amplifier (LNA) with a gain factor of GLNA is needed to amplify the noise power from the
MWP system. Thus, the measured noise power PN,measure consists of the RF amplifier noise
PN,LNA, the ESA noise PN,ES A and the amplified noise GLNAPN . The true noise power PN
can be obtained through the simple mathematic calculation given by
PN =
PN,measure − (PN,LNA + PN,ES A)
GLNA
. (2.25)
Although PN,LNA cannot be measured directly, the background noise presented by the term
PN,LNA + PN,ES A in Eq. 2.25 is measurable. Thus, the measurements will be performed
following two steps: (1) The background noise can be measured by the ESA, when the light
source of the MWP system is turned off, which is actually excluding the contribution from
the PN . (2) PN,measure is measured noise power when the light source is on, which includes
all the noise contributions from the LNA, the ESA and the MWP system itself. In the end,
the noise figure of the MWP can deduced by substituting the measured link gain Glink and the
calculated true noise PSD PN into Eq. 2.15. It is very important to note that this measurement
method will yield a high inaccuracy or even become invalid, when the difference between
the measured PN,measure and PN,LNA + PN,ES A is less than 3 dB. If the noise power difference
happens to be less than 3 dB, a more appropriate way to investigate the noise PSD is to use the
numerical calculation given by Eq. 2.25, with the displayed photocurrent, the characterized
laser RIN and the measured link gain.
In the measurements in this thesis, the noise marker function of the ESA (Agilent PSA
E4448A) is used to measure the noise PSD. The ESA is typically set to the frequencies of
interest, with a resolution of 1 Hz, a frequency span of 100 Hz and 101 sampling points.
In order to minimize the reading error, the number of the averaging is set to 20 times or
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more. Averaging the noise PSD over a small frequency span in the vicinity of the frequency
of interest is also possible to improve the measurement accuracy. The LNA (Mini-Circuits
ZVA-213+) is used to amplify the noise level, which has a typical noise figure of 3 dB and
an operating frequency range from 0.8 GHz to 21 GHz.
Two-Tone Test for SFDR
As we discussed in Section 2.3.1, the SFDR can be obtained through Eqs. 2.23 and 2.24, with
the input intercept points extracted from the plot shown in 2.15. The technique to acquire
such a plot is called two-tone test. The principle of the two-tone test is to send two CW RF
signals with the same power to the input of the MWP RF system and record the output RF
power at the fundamental, HD and IMD frequencies. After sweeping the input power level
in a certain range, the recorded powers of each tone will be used to extrapolate the lines that
eventually gives the intercept points. It should be noted that the input RF power level should
be chosen to be large enough so that the generated HD and IMD power can be measurable
(higher than the display noise level), while on the other hand, the input power should not
be too high to induce power compression. Thus, the measured data can eventually produce
linear extrapolated lines.
The experimental setup for the two-tone test is illustrated in Fig. 2.16(c). The apparatuses
including two RF sources and an ESA are interfaced with a computer to perform automatic
measurement and record data. Two CW RF tones are generated by two RF sources, respec-
tively, before being combined and delivered to the input of the MWP system. At the MWP
system output, the ESA is used to measure the spectra that contain the fundamental, HD
and IMD tones and record the corresponding output powers. During the measurement, as
we mentioned above, the input power is typically set to a power level lower than -10 dBm,
with 20 dB sweeping range and 1 dB sweeping step. The separation of the two-tone can be
variable in the order of MHz or sub MHz, with a preference of a narrow interval which will
lead to less measurement time due to the smaller spectrum measuring window.
Since these measurements involve a lot of repetitive operations, data averaging, param-
eter scanning and data storage, we used Python scripts and the Python package PyVISA to
interface all the test apparatuses with the computer to performance measurement automation.
2.3.3 Link Performance Optimization Techniques
Naturally, with knowing the basics of the link performance, one question we may ask is
how good the link performance is or whether the link performance is good enough to satisfy
the performance requirements already established in RF applications. One necessary insight
worth being taken is to examine the link performance of an MWP link constructed by the
commercial off-the-shelf component, before we move on to the existing techniques to opti-
mize and enhance the link performance. In this section, we focus on the link performance
and the optimization technique (mainly for the noise figure) developed for the IMDD link
which is the basic architecture employed in this thesis.
Low-biased IM Configuration
Intuitively, one of the most straightforward methods to improve the link gain is to increase
the optical power in the MWP link, according to Eq. 2.11. A high level of optical power
usually produces a high photocurrent. The large photocurrent will lead to an increased total
electrical noise in the photodetector. From Eqs. 2.10 and 2.20, both the link gain and the
dominant RIN noise increase quadratically when the optical power increases. As a result, the
noise figure cannot be reduced, from Eq. 2.15. However, the high photocurrent will cause the
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photodetector saturation or even exceeds the power handling of the photodetector. Therefore,
the average photocurrent is desired to be limited without significantly reducing the link gain.
0 0.1 0.2 0.3 0.4 0.5
Am
pli
tu
de
 (a
.u
.)
0
0.2
0.4
0.6
0.8
1
Bias Angle/∏
Figure 2.17: The bias angle of the MZM is shifted from the quadrature
point to the null point, the RF link gain is reduced at a rate proportional
to sin(φbias)2 and the RIN noise decreases at a faster rate (proportional to
[1 − cos(φbias)]2.
One of the commonly-used optimization technique is using the IMDD link architecture
in a low-DC-bias configuration. From Eq. 2.10, the RF link gain can be varied by chang-
ing the DC bias angle of the intensity modulator, following a changing rate proportional to
sin(φbias)2. As shown in Fig. 2.14, the RIN noise is the dominant noise source in an MWP
link, at a high level of optical power in an MWP link. According to Eqs. 2.2 and 2.20, the
RIN noise is proportional to [1 − cos(φbias)]2. When the DC bias angle φbias of the MZM
is shifted towards to a lower transmission point (the null point), the dominant RIN noise re-
duces faster than the reduction of the RF link gain, as shown in Fig. 2.17. This difference in
the decreasing rate will result in a reduction of the noise figure, according to Eq. 2.15.
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Figure 2.18: Numerical simulation results of (a) the RF link gain and total
noise PSD as a function of the normalized bias angle. (b) The noise figure at
different bias angles. Key parameters used for numerical simulations include
the input optical power Pin=1 W, the RF half-wave voltage Vpi,RF=3.8 V,
the laser RIN = -160 dBc/Hz, the modulator insertion loss L = 3 dB and
the photodetector responsivity rPD = 0.5 A/W, with an impedance-matched
photodetector.
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To gain some intuition of the low-biasing technique, the link performance of a typical
IMDD MWP link is simulated, based on Eqs. 2.10, 2.15 and 2.16. The key parameters of
the simulated IMDD link include the input optical power Pin=1 W, the RF half-wave voltage
Vpi,RF=3.8 V, the laser RIN = -160 dBc/Hz, the modulator insertion loss L = 3 dB and the
photodetector responsivity rPD = 0.5 A/W, with an impedance-matched photodetector. As
shown in Fig. 2.18(a), at quadrature bias (0.5 pi bias angle), a positive link gain of 9 dB is
achieved, with a total noise power of -138 dBm/Hz. This results in a noise figure of 28.5
dB, as shown in Fig. 2.18(b). When the bias angle is reduced from the quadrature point to
the null point, the link gain and the total noise power decrease at different rates. As a result,
the noise figure reaches a minimum value of ∼ 13.5 dB, exhibiting a significant noise figure
reduction of 15 dB.
The low-biased IM configuration has been particularly attractive and widely-employed,
because it shares the same link architecture as the popular IMDD link while providing en-
hanced link performance [79, 158, 159]. A high link performance was achieved with an
optical input power of 1 W, producing a positive link gain of 0.5 dB, a noise figure of 6 dB
and an SFDR3 of 130 dB in a 1 Hz bandwidth [159]. However, it should be noted that the
low-biased IM configuration will produce an increased second-order distortions, compared
to the link configured at the quadrature bias point where the second-order distortions vanish.
These increased second-order distortions will limit the operation bandwidth although it is not
problematic in sub-octave applications.
Low-biased IM followed by Optical Amplification
In some scenarios the optical amplification is needed after the modulator, to offset the link
loss usually caused by the long-distance photonic link or other lossy photonic components.
Such a link architecture is schematically shown in Fig. 2.19(a), which is similar to the normal
IMDD link shown in Fig. 2.19(a) but with an inserted erbium-doped fiber amplifier (EDFA)
between the modulator and the photodetector. In this link configuration, the optical amplifier
enables a constant output power which in the end will translate into constant photocurrent in
the photodetector, regardless of the change of the modulator bias. Moreover, the amplifier
noise dominates over the noise contribution from the laser RIN, yielding a relatively high
noise figure [160].
In contrast to the former low-biased IM configuration, such a link yields completely dif-
ferent dynamics of the link gain and noise figure when reducing the DC bias of the modulator.
The RF link gain increase with the modulator bias is reduced, as shown in Fig. 2.19(b). Dur-
ing this process, the photocurrent remains constant, since the output power of the EDFA does
change. The in crease in the RF link gain results in a reduction of the noise figure, reaching
a minimal noise figure of ∼ 40 dB, as shown in Fig. 2.19(c). These dynamic s can be under-
stood by the fact that the relative amplitudes of the optical carrier and the sideband become
comparable while the total optical power remains constant, which results in a stronger signal
mixing product at a lower modulator DC bias, i.e. an increased link gain. In the meantime,
the lower DC bias reduces the input power fed to the EDFA, leading to the increase of the
noise power of the EDFA. However, while lowering the DC bias of the modulator, the in-
crease rate of the RF link gain is faster than that of the amplifier noise in such a link, yielding
a decrease in the noise figure.
Similarly, the second-order distortion will be increased at a low DC bias. The complete
analysis and study can be found in reference [160]. This link architecture gains particular
interest in the applications that are involved with optical amplification. Such a link is used
as the basis of the high-performance chip-assisted MWP filter, which will be discussed in
Chapter 6 with a comprehensive experimental study.
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Figure 2.19: (a) The link architecture consists of an MZM followed with an
EDFA. Measured (b) RF link gain and (c) the noise figure as a function of
the normalized bias angle [160].
Other Alternative Techniques
Apart from the above techniques for link performance optimization, alternative techniques
including optical carrier filtering and balanced detection also have been studied. The optical
carrier filtering technique shows similar dynamics in reducing the noise figure, by using
optical notch filters to suppress the carrier of the modulated optical signals. Although it
shows good capability for high power handling in the presence of a high-power light source,
it increases the system complexity and results in excess insertion losses. Moreover, it also
yields the second-order distortions due to the beating of two first-order optical sidebands
[161, 162].
In contrast, the balanced detection is a different approach to reducing the noise figure,
using the subtraction of the detected signals of a detector pair. In the balanced detection
configuration, the CW laser output is usually split to the input of two independent MZMs (the
so-called Class AB type) or the input of a dual-output modulator [163], and the modulated
optical signal from two modulator outputs will be detected by a balanced detector pair. The
balanced detection enables the elimination of the common noises including the shot noise and
the RIN noise. However, the balanced detection scheme requires a precise length matching
of two signal paths, which makes it sensitive the environment perturbations.
The link linearization is an equally important research topic for microwave photonics,
mainly realized by the special modulation configurations [164], the frequency discriminator
[165, 166] or the linearizing the transfer function of the modulators [167]. The link lin-
earization technique is out of the scope of this thesis, although some discussion on it will be
covered in later chapters.
2.4 Integrated Microwave Photonics
The integration of the MWP systems is strongly desired, in particular for modern wireless
applications that involve a large number of portable devices and small-size base stations
[21, 168]. The surge of the photonic integration technologies [14, 169, 170] enables the
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capability of miniaturizing the MWP systems with high complexity. The integration, along
with advanced functionalities and high link performance must be achieved to deploy MWP
systems for actual RF applications, as shown in Fig. 2.20.
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Figure 2.20: The future deployments and applications of MWP systems are
underpinned by the integration, functionality and performance.
2.4.1 Concept and the early Development
Over the last decade, the incorporation of photonic integrated circuit (PIC) technology with
microwave photonic technique has become a mainstream, underpinned by the rapid develop-
ment of the photonic integration techniques. The PIC technology [14, 20, 169, 170] allows
for integrating the key components or functionalities of the MWP system onto a chip-scale
platform, exhibiting numerous advantages, in particular, the miniaturized footprint, the en-
hanced stability and the low-cost enabled by mass production. This emerging technique is
termed as integrated microwave photonics (IMWP) [21], promising a viable solution to step
towards real applications. Naturally, early developments and study of IMWP mainly come
with the partial integration of key functions on chips, before achieving the ultimate goal of
fully-integrated IMWP systems.
To date, the most of the efforts in IMWP that have been made to implement the key
photonic processing functionality on the chip, replacing the important but bulky fiber-based
counterparts, as schematically shown in Fig. 2.21(a). The early exploration of the IMWP
leveraged the development of the PIC technology, starting from the advent of integrated sili-
con photonics [171] and Indium Phosphide (InP) photonics [172]. The very early demonstra-
tions of IMWP were carried out to show multi-tap architectures for phased-array antennas and
RF spectrum filtering, in silicon chip in 1997 [173] and InP chip in 1999 [174], respectively,
as shown in Fig. 2.21(b) and 2.21(c). The primary motivation of these demonstrations is to
implement ultra-compact and length-precise multi-tap optical delay lines on integrated pho-
tonics platforms, achieving significantly reduced size, weight and enhanced environmental
stability compared to the conventional fiber-based bulky configurations as shown in Fig. ??.
Subsequently, more compact integrated photonic devices such as integrated ring resonators
[175] and on-chip sub-wavelength grating [176], have been employed to implement IMWP
devices, promising more compact footprint, advanced functionalities and enhanced scalabil-
ity. Inspired by these impressive demonstrations, the research in the field of IMWP starts
to spring up, underpinned by the unprecedented strength of the fast-grown PIC technologies
based on different material platforms.
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Figure 2.21: (a)The MWP system incorporates with an integrated microwave
photonic chip. The layouts of the (b) silicon multi-tap optical delay lines
[173], (c) InP multi-tap phased array with independent amplitude and phase
control [174], (d) silicon ring resonator for signal filtering and phase shift
[175] (d) the silicon Bragg grating for signal filtering [176].
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2.4.2 Available Platforms and Devices for IMWP
The development of IMWP is in line with and driven by the progress and innovation of PIC
technologies which have enabled various material platforms. These major PIC platforms
include the semiconductor mainly silicon [20, 169, 177], III-V compound semiconductor
typically InP/InGaAsP [14, 178], the dielectric glass such as Si3N4 [179, 180], silica [128,
181] and As2S3 [182, 183], nonlinear crystal LiNbO3 [184–186], the plasmonic platform
enabled by the metal-dielectric materials [187, 188] and the emerging heterogeneous and
hybrid integration of different materials [16, 17]. In this section, we present a brief review of
these material platforms and highlight their strength and performance that are attractive for
high-performance IMWP applications, based on the summarized key properties in Table. 2.2
Table 2.2: Available PICs, State-of-the-Art Performance and Functionalities
for IMWP.
Platforms
Refractive
Index
Loss
(dB/cm)
Available Function
Laser Modulator Detector Processing
Power
(dBm)
RIN
(dBc/Hz)
Vpi (V)
Fmax
(GHz)
SFDR3
(dB·Hz2/3)
γPD
(A/W)
Major Platforms
Silicon[189–196] 3.45 0.25-3
<0 (SRS),
(SBS)
NA 3.1 20-50 NA 0.8-1.16
Delay;
Filter;
Amplify
III-V[14, 178, 197–203] 3.2-3.5 0.2-2 >20 <-140 1.5-4 30-54 NA 0.1-0.9 Filter
Si3N4[179, 204] 1.98 0.03-0.2 - - - - - - Filter
Silica[128, 181] 1.45 <0.001 - - - - - - Filter
LiNbO3[63, 186, 205] 2.2 0.024-3 - - 1.4-6.8 50-100 113 - -
As2S3[206, 207] 2.4 0.2-0.7 Low NA - - - -
Delay;
Filter;
Amplify
Plasmonics[187, 208, 209] NA 4000 Low NA 10 >70 NA <1e-5 -
Hybrid Platforms
III-V/Si[16–18, 54, 210, 211]
(3.2-3.5)/
3.5
2.5-4.5 10-160 <-150 NA NA 117.5 0.31/1.1 Filter
Al2O3/SiN[212–214] NA 0.1-0.25 75-150 NA - - - - Amplify
As2S3/Si[207] 2.4/3/5 0.5-0.7 NA NA - - - -
Delay;
Filter;
Amplify
’-’ indicates no availability or no report yet; ’NA’ indicates that the parameter has not been quantified.
Silicon on Insulator Platform
The Silicon-on-Insulator (SOI) platform has rapidly grown as the standard PIC platform, due
to its inherent fabrication compatibility with the mature and well-developed silicon electron-
ics [20, 169, 177]. Apart from this, SOI PIC allows for compact circuits layout, due to the
strong light field confinement enabled by the high refractive index contrast between the sil-
icon (3.45) and the cladding material silica (1.45). Various functional on-chip SOI devices
including optical delay lines, ring/disk resonators, splitters/couplers and sub-wavelength grat-
ings have enabled a wide range of chip-based MWP functionalities. However, the widely-
used silicon single-mode waveguides yield a relatively high propagation loss, typically 3
dB/cm, which runs counter to the requirement of low loss in MWP applications. The propa-
gation loss can be reduced to 0.25 dB/cm or even less using larger cross-section waveguides
[215–218], which is very attractive to achieve high-resolution ring-based filters and low-loss
on-chip interconnections. The modulator, the critical element for MWP, can be achieved
in silicon, using the carrier plasma dispersion effect, providing a high analog modulation
frequency up to 50 GHz [189–192]. High-efficiency Germanium-on-Silicon photodetectors
with the on-chip responsivity of 0.8-1.16 A/W were also demonstrated [193–196]. On the
other hand, the nonlinear losses induced by the two-photon absorption (TPA) and free-carrier
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absorption (FCA) in silicon, strongly limits its high power handling capability which is usu-
ally required to increase the link gain of MWP systems. Moreover, achieving coherent and
electrically-pumped light source on silicon is extremely challenging and still missing, due to
its indirect band structure, although low-output power silicon lasers were enabled by opti-
cally pumped stimulated Raman scattering (SRS) [219] and SBS [220]. Nevertheless, SOI
PIC is still a popular platform for IMWP due to its inherent advantages.
III-V-based Platform
As another popular PIC platform, III-V-based integrated photonic devices have been inves-
tigated and implemented in commercial products, over the last half century [14, 203]. The
critical advantage of III-V-based materials including InP/InGaAsP is the direct and tunable
bandgap that allows for bandgap engineering, electrically-pump light emission and tunable
refractive index. These unique features have already fostered a rich bank of on-chip devices,
such as tunable lasers, semiconductor optical amplifiers (SOAs), modulators, tunable devices
and high-efficiency photodetectors on a monolithic photonic chip. Early demonstrations of
tunable and reconfigurable MWP filter has been reported, through integrating SOAs and
phase modulators to rapidly adjust the filter functions [221–223]. More strikingly, a recent
breakthrough has been made to implement a fully-integrated MWP filter, achieving for the
first time the 100% degree of photonic integration of an MWP system [224], as shown in Fig.
2.22. From the performance aspect, III-V-based integrated components are able to provide
appreciable device performance including > 20 dBm laser source with a RIN < -140 dBc/Hz,
MZMs with a low half-wave voltage in a range of 1.5 ∼ 4 V, high-efficiency photodetector
with a responsivity of up to 0.9 A/W [14, 178, 197–203]. These critical performance proper-
ties are being developed in line with desired performance requirements for high-performance
MWP systems, as we discussed in Section. 2.2.1 and Section 2.3, although they are still
lagging the state-of-art commercial discrete devices. However, the typical propagation loss
typically in the order of 2 dB/cm is still relatively high for delay lines and interconnections
for on-chip MWP systems, in which the link performance and filter resolution are both very
sensitive to the optical losses. Even though the losses can be offset by the on-chip SOAs, the
induced amplified noise usually limits the noise performance. Thus, low-losses solutions and
PICs need to be considered to minimize the link loss.
Figure 2.22: The image of the monolithic IMWP filter and its package. Fig-
ures reproduced from [224].
Si3N4 Platform
Over the last decade, the emerging Si3N4 PIC platform is capable of simultaneously provid-
ing ultra-low propagation loss, compact band radii and the compatibility with thermal-optical
tuning methods [179, 180, 225]. With such intriguing properties, Si3N4 PIC platforms have
recently gained intense interest in the MWP research community. The Si3N4 waveguides
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are composed of the core material Si3N4 and the cladding material SiO2, with the refrac-
tive indices of 1.98 and 1.4, respectively. Nowadays, Si3N4 PICs are commercially available
through the commercial foundry platforms including LioniX, Ligentec, IMEC BioPIX and
IMB-CNM [225]. Through Triplex technology provided by LioniX, Si3N4 waveguides with
different cross-section geometries can be fabricated, such as the box shell, single stripe and
symmetric and asymmetric double stripes, as shown in Fig. 2.23. The box-shell waveguides
can provide a reduced birefringence for specific applications with a typical propagation loss
of < 0.2 dB/cm, while the single-stripe waveguides are able to achieve a record-low inser-
tion loss of 0.001 dB/cm [226]. The symmetric and asymmetric double-stripe waveguides
enable efficient and low-loss coupling through the expanded mode field, while maintaining a
low propagation loss of < 0.1 dB/cm, a tight waveguide bend radius of < 100 µm and a low
fiber-to-chip coupling loss per facet down to 1 dB [179].
(a)
(b)
(c)
(d)
Figure 2.23: Schematic layout of Si3N4 waveguides produced through
Triplex technologies with various geometries in the cross sections including
(a) box shell, (b) single strip, (c) symmetric double stripes and asymmetric
double stripes. Figures reproduced from [179]
The ultra-low loss property is extremely of interest for MWP applications in which
low optical losses are strongly desired, in particular for long optical delay lines and high-
resolution optical filters based on resonators. With such promising properties, Si3N4 circuits
have rapidly grown as a preferred PIC platform for MWP applications, enabling numerous
functionalities including beamforming, true-time delay, frequency discrimination, frequency
identification, high-resolution filter, large-scale programmable circuits, to name a few. Typ-
ically, the Si3N4-based ring resonators are able to achieve an ultra-narrow 3-dB linewidth
of sub-GHz [180, 227–229], in stark contrast to > GHz level of the silicon- or InP-based
resonators. Such a high spectral resolution make the on-chip MWP filter more feasible and
useful for RF applications where narrow-band channelization and high-resolution rejection
are needed in a complex and crowded spectral environment. Equally important, the Si3N4
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waveguide has a high-power handling capability, with a relatively high damage threshold and
negligible nonlinear absorption. Thus, Si3N4 waveguides are also promising to implement a
high-performance IMWP device with a high link gain enabled by a high optical power. These
attractive features form the basis of the work of high-performance IMWP filters that will be
discussed in later chapters.
However, as a dielectric material, Si3N4 is not able to provide functions such as light
emission, fast modulation or photodetection. Meanwhile, the tunability of Si3N4 circuits
relies on the thermal-optic effects activated by the on-chip heaters, providing a relatively slow
tuning speed. Nevertheless, Si3N4 circuits are considered as an ideal candidate to achieve
ultra-low-loss on-chip networks and to provide outperforming advantages when being paired
with other active materials or platforms.
Other Platforms
As shown in the first half of Table. 2.2, some other materials also show unique properties
that can be potentially applied to IMWP. Similar to Si3N4, the silica waveguides also yield
a very low propagation loss of < 0.001 dB/cm [128, 181, 226] that enables ultra-long delay
lines. However, due to the weak index contrast, silica circuits require a large bend radius in
the order of tens of mm, which is less of interest for implementing compact IMWP systems.
LiNbO3 that has been widely used for commercial modulators is a hard-to-etch material,
exhibiting a large side-wall scattering loss. Recently, this drawback has been overcome by
using an optimized etching method, enabling a low propagation loss of 0.027±0.003 dB/cm
[185]. In the meantime, a high-performance LiNbO3 MZM with a record-low Vpi of 1.4 V
has been demonstrated, with a high SFDR3 of 113 dB·Hz2/3 [186]. Such a high level of
performance was recently proven viable to be operated using CMOS-compatible voltages.
This significant breakthrough will make it possible to achieve low-loss, high-efficiency and
reconfigurable on-chip circuits for high-performance IMWP systems. These encouraging
progress makes LiNbO3 become a promising candidate for high-performance IMWP circuits.
The recent breakthrough in As2S3 circuits has made harnessing and inducing SBS on
integrated photonic chip possible [183, 230, 231], which was a widely-investigated and
well-developed tool for fiber-based MWP signal processing [232]. Similar to the SBS in
optical fibers [232, 233], on-chip SBS is capable of producing high-gain amplification and
ultra-narrow signal filtering with a resolution of ∼ 30 MHz or less, but with a significantly
miniaturized footprint and optical tunability. These stunning features have fostered numer-
ous MWP signal processing functionalities such as amplification, tunable filtering [60, 135,
234], phase shifting [141, 235], tunable time delay [108, 236] and signal generation [154].
The SBS effect on As2S3 circuits is discussed in details and forms the basis to enhance the
performance of the IMWP filters.
A less ubiquitous platform, the plasmonic circuit, is able to achieve an ultra-broadband
MZM with an analog modulation frequency of more than 1 THz [208]. Although plasmonic
circuits are conceived to be too lossy (∼ 4000 dB/cm) to be used for IMWP applications,
recent demonstrations of an ultra-fast RF photonic steering [237, 238] and a low-loss plas-
monic modulator [239] made encouraging progress towards a complementary platform for
high-performance IMWP systems.
Heterogeneous and Hybrid Integration
From the above discussions, one can find out that each material platform has its unique
strength that outperforms others, but full functions and low-loss circuits cannot be simul-
taneously achieved for high-performance IMWP systems. Thus, combining the attractive
features and advantages from the different materials is desired. Driven by this motivation,
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the heterogeneous and hybrid integration technique provides a promising solution to achiev-
ing this goal. Some representative hybrid integration techniques are listed in the second half
of Table. 2.2, making use of the full potential of different materials.
(a)
(b) (c)
Figure 2.24: Schematic of cross sections of different heterogeneous and
hybrid integration platforms including (a) III-V/Si [16], (b) erbium-doped
Al2O3/SiN [212] and As2S3/Si [207].
III-V/Si integration has become the most exciting and promising hybrid integration tech-
nique, by combing two well-explored and mature III-V and Silicon material platforms [16–
18]. TheIII-V/Si heterogeneous integration is achieved by flip bonding the III-V dies on
the SOI circuits which consist of various silicon waveguides and devices, followed by dry
etching the III-V layer to form waveguide patterns in some cases [18], as shown in Fig.
2.24(a). Besides the reduced cost and the large-scale integration offered by silicon PIC, the
low-propagation-loss, tight-light-confinement and versatile functional silicon circuits allow
for achieving better performance in the III-V/Si heterogeneous integration platform, even
outperforming the traditional III-V PICs. As shown in Table. 2.2, The advanced hybrid sili-
con light sources [240–242] are capable of yielding an output power from 10 mW to 160 mW
[211, 243], with a low laser RIN noise of <-150 dBc/Hz [243]. With the help of the optimized
silicon circuits design, the III-V/Si MZMs have been demonstrated to achieving attractive
performance desired in MWP applications, providing a record-low Vpi of 0.86 V [244] and
the ultra-linear modulation with a SFDR3 of 117.5 dB·Hz2/3 [245] which can compete with
and even exceed the performance of commercial MZM modulator. III-V/Si photodetectors
with an on-chip responsivity of 1.1 A/W is also available [210]. With complete functional
components, the III-V/Si platform has already shown great potential for IMWP applications
[246], as shown in Fig. 2.25.
From the performance perspective, other emerging platforms including Al2O3/SiN [212,
213, 247] and As2S3/Si [207] are also promising for MWP applications, as shown in Fig.
2.24(b) and 2.24(c). Al2O3/SiN platform is not only able to utilize the narrow-band filters
and high-quality cavities enabled by the ultra-low-loss SiN waveguides, but also to com-
bine the narrow-linewidth and low-noise amplification offered from erbium-doped Al2O3.
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Figure 2.25: The image of the fully integrated photonic microwave signal
generator chip[246].
These features are very attractive to achieve low-noise, high-power on-chip light sources
(up to 75mW output power), low-loss interconnection and high-quality devices for MWP
applications. Meanwhile, the As2S3/Si [207] provides another approach to implementing
high-performance MWP processing, by combining the Brillouin-based narrow-band filtering
and amplification with the wide collection of silicon devices.
Although the research of IMWP is still at the early stage, the rapid development and inno-
vation in the PIC technologies and various material platforms with complementary properties
will definitely propel the research high-performance IMWP.
2.4.3 State-of-the-Art
Over the last decades, many research efforts have been made to realize various IMWP pro-
cessing capabilities that provide equivalent functionalities of conventional RF devices to
tackle RF signal processing. The vast majority of the IMWP demonstrations were achieved
by using integrated photonic chips to implement the key photonic processing functions, aim-
ing at realizing specific functions or applications, as shown in Fig. 2.8 and Fig. 2.21(a). In
this section, recent progress in this application-specific IMWP processing functionalities in
particular delay lines and notch filters will be briefly introduced, as well as the remaining
challenges, before highlighting the recent trend in multi-purpose IMWP circuits.
IMWP Delay Line
IMWP delay lines are capable of providing the key time delay function for RF signals, but
with a significantly reduced footprint, in contrast to the fiber-based RF photonic delay lines
which generally rely on the extended physical length of optical fibers. Instead, the chip-based
counterparts preferably manipulate the dispersion or phase of on-chip circuits which in the
end will affect the signal group delay. Following this motivation, various photonic delay
line schemes have been reported, mainly categorized into two types: 1) structure-induced
dispersion such on-chip ring resonators [103, 104, 111, 248, 249], sub-wavelength gratings
[250] and photonic crystal waveguide [101]; 2) material-induced phase change including
modulated phase [238] and the slow-light effect [107, 108, 251]. The basic principle of these
delay lines has been discussed in Section. 2.2.3. The reported chip-based MWP delay lines
are able to delay GHz-bandwidth RF signals in tens of nanoseconds, which can be further
extended to broader bandwidth and large delay by coupled resonator optical waveguide [248]
or using higher optical pump powers [107, 108].
However, the current tuning speed of these IMWP delay lines are mainly constrained
by the laser tuning speed [101, 250] or the slow thermal tuning [103, 111], typically in
the order of milliseconds. Initial efforts to improve the tuning speed was achieved using
lossy plasmonic phase modulators [238]. Moreover, one of the remaining challenges in high-
performance IMWP delay lines is to achieve ultra-fast tuning, continuous tunability and en-
hanced delay.
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(a)
(b)
(c)
(d) (e)
Figure 2.26: Typical schematics of chip-based delay lines enabled by (a)
ring resonators [104], (b) sub-wavelength gratings [250], (c) photonic crystal
waveguide [101] (d) plasmonic phase modulators [238] and (e) SBS-based
slow-light effect [107].
IMWP Notch Filters
The RF notch filter is one of the most commonly-used filtering functions in RF front ends,
enabling interference and jamming signal rejection which requires both deep rejection and
high resolution for effective signal suppression in crowded spectral environments. Although
IMWP notch filters have proven the enhanced compactness and wideband tunability, most
of the IMWP filters lack the spectral resolution which is ultimately limited by the optical
filer resolution (in the level of GHz or 10s GHz). Fortunately, this issue can be solved by
using ultra-narrow-band optical filter enabled by the ultra-low loss optical cavities [175, 179,
181, 252] or material-induced resonance typically SBS [135], in the coherent MWP filter
configuration shown in Fig. ??. However, there remains a trade-off between the suppression
and bandwidth tunability. This coupled constraint was recently circumvented by the emerg-
ing RF cancellation filter scheme, using the destructive interference of two sidebands that
are processed by optical filters [59, 60], as shown in Fig. 2.27(a) and 2.27(b). These novel
filters schemes enable an ultra-deep rejection of > 55 dB, a filter resolution of down to 33
MHz and frequency agility over 30 GHz, which matches and even outperforms the RF filter
resolutions.
However, on the other hand, the link performance including the link gain and noise fig-
ure of the demonstrated IMWP filters is far below the target performance for RF applications
aforementioned in Section. 2.3. The link performance is typically deteriorated by the inser-
tion loss of the photonic circuits and the excessive losses from the destructive RF interference,
which makes the IMWP notch filter impractical to be used in existing RF systems. This is
the key factor that distances the employment of IMWP filters from practical applications.
Hence, it is imperative and necessary to challenge the perception that IMWP systems usually
are associated with low link performance.
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Si3N4 chip
(a)
As2S3 chip
(b)
Figure 2.27: Typical schematics of chip enabled by (a) ring resonators [59]
and (b) SBS effect [60]
Square Waveguide Mesh
(a)
Hexagonal Waveguide Mesh
(b)
Reconfigurable Processor Cell
(c)
Figure 2.28: The schematic diagrams and device images of (a) the square-
shaped mesh network [253], (b) the hexagonal-shaped mesh network [254]
and (c) the reconfigurable photonic signal processor [221, 223].
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Generic IMWP Processor
In contrast to the application-specific photonic integrated circuit (ASPIC) approach dis-
cussed above, a remarkable concept for generic programmable architecture based on a two-
dimensional (2D) waveguide mesh network was recently proposed and demonstrated [253–
256], featuring improved flexibility in arbitrary function programmability and reconfigura-
bility for photonic and MWP signal processing. The core design concept of this universal
processor is to emulate the hardware design for Field-Programmable Gate Array (FPGA)
ubiquitously-used in electronics, using a large network of identical cells that consist of tun-
able Mach-Zehnder Interferometers (MZIs). Each unit allows for independent control of
both the amplitude and phase, resulting in the implementation of numerous software-defined
functions [257]. This 2D mesh network concept was first demonstrated in a square-shaped
mesh topology as shown in Fig. 2.28(a), while a salient hexagonal-shaped mesh topology
was subsequently reported with improved performance and tuning efficiency as shown in
Fig. 2.28(b), providing more than 20 functionalities [254] and scalability [258]. Meanwhile,
a reconfigurable cell was also demonstrated to achieve programmable IMWP filters in InP
platform [221] and a reconfigurable photonic signal processor [223].
2.4.4 Challenges
One of the main challenges that exist in IMWP subsystems is the poor RF link performance,
compared to the link performance demonstrated in fiber-based MWP links [21, 25]. The
performance gap is mainly introduced by the additional chip-to-fiber coupling loss which is
typically ∼ 10 dB for integrated silicon photonic chips using grating couplers (∼5 dB per
facet). This excess optical insertion loss will immediately translate into doubled RF loss
in decibels, due to the square-law photodetection. This increased RF link loss will lead
to deteriorations of the noise figure and SDFR, distancing IMWP devices from actually RF
applications. Hence, the link performance of the IMWP filter needs to be studied and effective
approaches to improving the link performance must be explored.
Simulation results shown in Fig. 2.29 compare the link performance of the RF link gain,
noise figure and SFDR3 for a fiber-based MWP link (Fig. 2.6) and a chip-based IMWP link
(Fig. 2.21(a)), respectively. Here, we assume that the integrated photonic chip introduces
an additional optical insertion loss of 10 dB, due the chip-to-fiber coupling. Other key pa-
rameters for the devices in both links are kept the same, including the RF half-wave voltage
Vpi,RF=3.8 V, the laser RIN = -160 dBc/Hz, the modulator insertion loss L = 3 dB, quadrature
biased MZM and the photodetector responsivity rPD = 0.5 A/W (impedance-matched). Fig.
2.29(a) clearly shows a difference in the RF link gain of 20 dB, at the same optical source
power. The increased 20 dB RF link loss is caused by the additional 10 dB optical loss, which
can be deduced using Eq. 2.10. The difference in the RF link gain leads to a large difference
(∼10 dB) in the noise figure at a low optical power level. In this case, the dominant noise
in the shot noise which is proportional to the optical power. When the optical power is rela-
tively high, the difference in the noise figure is reduced, since the RIN noise power increases
quadratically proportional to the optical power and becomes the dominant noise. The SFDR3
of the chip-based IMWP link reduces, mainly due to the degradation of the noise figure.
Apart from the coupling loss, the on-chip photonic signal processing usually introduces
extra losses which further degrade the RF link gain. For instance, the single-sideband mod-
ulation is commonly used in MWP filters, enabling spectrum mapping from the optical do-
main to the RF domain. The filtered-out sideband leads to additional RF losses. Due to
these excess losses, currently reported IMWP processors, typically IMWP filters, exhibit a
link performance much lower than the target performance which has been optimized in fiber-
based MWP links [13, 158, 159, 163, 259], as summarized in Table 2.3. The demonstrated
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Figure 2.29: Simulated (a) RF link gain, (b) noise figure and (c) SFDR3 for
a fiber-based MWP link and a chip-based MWP link, respectively. In sim-
ulations, the chip-based MWP link exhibits an additional optical loss of 10
dB, introduced by the chip-to-fiber coupling. Other parameters are main-
tained identical. Key parameters used for numerical simulations include the
RF half-wave voltage Vpi,RF=3.8 V, the laser RIN = 160 dBc/Hz, the modu-
lator insertion loss L = 3 dB, quadrature biased MZM and the photodetector
responsivity rPD = 0.5 A/W, with an impedance-matched photodetector.
Table 2.3: Link performance of reported IMWP systems.
Platform Link gain (dB) NF (dB) SFDR3 (dB·Hz2/3)
Fiber-based MWP link [13] >0 <10 >120
Chalcogenide [60] - 30 >30 N/A
CaF2 [128] - 23 34 110
Silicon [260] 0 30 105
Indium Phosphide [224] - 20 >30 81
IMWP typically have an RF link gain lower than -20 dB and a noise figure exceeding 30 dB
[60, 128, 260]. However, most of the reported IMWP filters did not or even failed to present
the measurements of the RF link performance. Although the RF link gain can be increased
to positive values using optical amplifiers, the large amplifier noise usually contributes to a
high noise figure [260].
Fully-integrated IMWP systems are expected to minimize the coupling losses, due to
the ultra-low on-chip interconnection losses. However, the RF link performance is still con-
strained by the on-chip optoelectronic devices’ performance which is lagging the commercial
off-chip devices [224]. Therefore, another stringent challenge is to improve the performance
on-chip photonic devices, such as high-power and low-noise on-chip lasers, low-Vpi,RF and
high-linearity modulators, low-loss waveguides and high-efficiency photodetectors. The spe-
cific performance requirements for these devices will be discussed in Chapter 6.
In summary, integrated microwave photonics has been a vibrant research field that bridges
academic research and engineering applications. Recent progress in PICs technologies pro-
vide numerous material platforms and versatile device functions, underpinning the devel-
opment of IMWP. Meanwhile, innovations in function implementations, new concepts and
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system architectures have enabled the demonstrations of advanced IMWP systems with ad-
vanced functionalities. The performance is a critical metric for IMWP systems, which even-
tually determines whether IMWP systems can be translated into actual RF applications. To
achieve high-performance IMWP systems, new MWP schemes and the incorporation of lin-
ear and nonlinear optical effects are explored and discussed in following chapters.
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Photonic-Chip-based MWP Signal
Processing
Photonic processing using integrated photonic devices forms the basis of IMWP signal pro-
cessing functions including delay lines and signal filtering, as discussed in Chapter 2. The
signal modulation and detection also plays an important role in implementing high-performance
RF signal processing. Essentially, the response of the MWP system can be described by a
transfer function HRF(ω) for RF signals. This RF transfer function is determined by the
electro-optic modulation, photonic processing and photodetection, as shown in Fig. 3.1.
This chapter starts with mathematic descriptions of typical modulation schemes, and then
introduces the photonic processing enabled by on-chip ring resonators. Based on the under-
standing of the modulation and photonic processing, different MWP responses that rely on
both amplitude and phase tailoring to construct RF transfer functions are discussed. The con-
tent in this chapter lays the foundations of the enhanced IMWP processing functionalities in
this thesis.
RF
Input
E-O
interface
RF
Output
O-E
interface
On-chip Photonic
Processing
Figure 3.1: The diagram of IMWP signal processing outlines the basic build-
ing blocks including modulation, on-chip photonic processing (Hopt(ω)) and
photodetection. The IMWP system is treated as a black box. The system’s
RF response is described by an RF transfer function HRF(ω) that connects
the RF input and the RF output.
3.1 Phase and Intensity Modulation
The core idea of the electro-optic modulation is linearly projecting RF signals to the optical
domain, by modifying the phase, frequency or amplitude properties of the optical carrier. The
basic building block of the various modulation schemes is a phase modulator that enables the
modulation of the optical phase. By constructing different modulator topologies, different
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modulation schemes can be implemented. This section will introduce the principle and for-
mulae of the phase modulation, intensity modulation and an advanced modulation format.
The properties of different modulation schemes play an important role in the work of thesis.
3.1.1 Phase Modulation
To illustrate the basic principle of the phase modulation, we consider a CW optical carrier
at the frequency of ωc with an electric field amplitude of E0. This optical beam propagates
through an optical waveguide with a length of L and a refractive index of n0, as shown in Fig.
3.2. This waveguide segment allows for the electric-field-induced change in the refractive
index.
Phase Modulatorωc ω
CW light
ωc ωωc + ωRFωc - ωRF
Modulated light
L
0 ωRF ω
RF Input
Input
0
Output π
Figure 3.2: The schematic of phase modulation using a phase modulator
with length L. The input CW optical carrier is modulated by the input RF
signal, generating two optical sidebands. With respect to the optical carrier’s
phase, two optical sidebands have a relative phase difference of pi.
When an electrical signal Ein, RF = VRFcos(ωRF t) is applied to this waveguide, the re-
fractive index can be modified, leading the phase change of the optical signal propagating
through the waveguide. When a CW light Ein = E0 exp
[
i(ωct + φ0)
]
at optical frequency ωc
is input to the phase modulator, the modulated optical beam at the modulator output is given
by
Emod = E0 exp
{
i
[
ωct + φ0 + φ(t)
]}
, (3.1)
where φ0 = 2piλ n0L is the acquired phase without the electric field and φ(t) is the relative
phase change induced by the electric field modulation defined by
φ(t) =
piVRF
Vpi,RF
cos(ωRF t). (3.2)
Vpi,RF is the RF half-wave voltage determined by the properties of the modulator, which is
typically a few volts in commercial LiNO3-based modulators. Detailed mathematic deriva-
tion of Vpi,RF can be found in reference [56]. For simplicity, we neglect the constant φ0 in the
following derivations. Using modulation coefficient m = piVRFVpi,RF , Eq. 3.1 can be simplified as
Emod = E0 exp
{
i
[
ωct +mcos(ωRF t)
]}
. (3.3)
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With the help of the Jacobi-Anger expansion, Eq. 3.3 can be expanded in series of the first-
kind Bessel functions given by
Emod = E0 exp(iωct)[J0(m) +
−∞∑
n=−1
inJn(m) exp(inωRF t) +
∞∑
n=1
inJn(m) exp(inωRF t)]
(3.4)
From Eq. 3.4, it is clear that the phase modulation process produces sidebands located at both
sides of the optical carrier frequency ωc, spaced with the same frequency interval determined
by the RF frequency ωRF . When considering a small-signal model VRF  Vpi,RF that leads
to m  1, the higher-order Bessel functions yield |Jn(m)|  1 (|n| > 1) while the zero-order
Bessel function satisfies Jo(m) ≈ 1. Hence, ignoring the higher-order sidebands, the phase
modulation in the small-signal model described by Eq. 3.4, can be simplified as
Emod = E0 exp(iωcT )[J0(m) − iJ−1(m) exp(−iωRF t) + iJ1(m) exp(iωRF t)]
= E0 exp(iωcT )[J0(m) + J1(m) exp
(
−iωRF t + ipi2
)
+ J1(m) exp
(
iωRF t + i
pi
2
)
].
(3.5)
where the relations of J−1(z) = −J1(z) and i = exp(ipi2 ) are used. From Eq. 3.5, one can
note that the two first-order sidebands are in-phase, but exhibit a relative phase shift of pi2 with
respect to the optical carrier. This important phase relation between the optical carrier and
the two sidebands will yield a distinct feature of the phase modulation via photodetection.
The photodetector is not fast enough to respond to time-variant signal at optical frequen-
cies. However, it can respond to the envelope of the optical signals, i.e. the beat notes among
different optical frequencies. Thus, via photodetection, the optical signals that consist of one
optical carrier and two sidebands are collected by the photodetector that produces a response
proportional to the time-averaged optical power, given by
Idet = γPDPin ∝ γPDEmodEmod∗, (3.6)
where γPD is the photodetector responsivity introduced in Chapter 2 and Pin in the optical
power input to the phase modulator. By substituting Eq. 3.5 into Eq. 3.6 and ignoring the
items that contain the second-order harmonics at 2ωRF , the detected photocurrent can be
expressed by
Idet = γPDPin · [(J20(m) + 2J21(m)) + 2J0(m)J1(m)cos(ωRF t −
pi
2
)
+ 2J0(m)J1(m)cos(ωRF t +
pi
2
)], (3.7)
where the first term J20(m) + 2J
2
1(m) represents the DC photocurrent, the second term indi-
cates the beat note between the optical carrier and the sideband at the lower frequency, while
the third term originates from the beat note between the optical carrier and the sideband at the
higher frequency. However, the two beat notes exhibit a relative phase difference of pi, which
leads to destructive cancellation at the RF frequency of ωRF . Thus, in the direct detection
configuration, the phase modulation will only produce DC current. It should be noted that the
phase difference of two optical sidebands generated by the phase modulator is equivalently
treated as out-of-phase for schematic descriptions.
By means of tailoring the amplitude or the phase to break the destructive cancellation
condition [136, 261], phase modulation can be converted to intensity modulation. This con-
version allows for the production of RF signals at the photodetector output.
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3.1.2 Intensity Modulation
Intensity modulation can be implemented by embedding the phase modulator into an optical
interferometer topology, as shown in Fig. 3.3. Through the optical interference, the phase
modulation in each arm can be converted to the modulation of the transmitted optical in-
tensity. To understand the principle, we consider a Mach-Zehnder modulator (MZM) that
consists of a Y-shape splitter, two phase-modulated arms and a Y-shape combiner. The opti-
cal power of the incident CW carrier Ein = E0cos(ωct) is equally split at the optical splitter,
before passing through two arms of the MZM.
Intensity Modulator (MZM)
RF input DC Bias
CW light Modulated light
Figure 3.3: The schematic of a Mach-Zehnder modulator (MZM) consisting
of an optical splitter, two phase modulator arms and an optical combiner.
Similar to Eq. 3.1. In the upper arm, the optical carrier is modulated by the electric signal
and acquires an additional phase shift, expressed by
Eu =
E0√
2
exp
{
i
[
ωct + φB + φ(t)
]}
, (3.8)
where φ(t) is the modulated phase given by Eq. 3.2 and φB =
piVbias
Vpi,DC
is the phase shift induced
by the applied DC bias Vbias. Vpi,DC is the DC half-wave voltage introduced in Chapter 2.
Assuming the phase of optical carrier in the lower arm is modulated with an opposite phase
shift, the phase-modulated field is given by
El =
E0√
2
exp
{
i
[
ωct − φ(t)
]}
. (3.9)
After the optical combiner, the modulated optical signals from the two arm are combined,
expressed as
Emod =
1√
2
(Eu + El)
=
E0
2
{exp
{
i
[
ωct + φB + φ(t)
]}
+ exp
{
i
[
ωct − φ(t)
]}
}.
(3.10)
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Eq. 3.10 can be expanded in series in terms of the first-kind Bessel functions. Hence, the
optical field at the MZM output can be expressed by a sum of Bessel functions given by
Emod =
1
2
E0 exp{iωct}
{
[(J0(m) exp
{
(iφB)
}
+ J0(m)]
+
∞∑
n=1
[J2n−1(m) − (−1)2n−1J2n−1(m) exp
{
(iφB)
}
]cos[(2n − 1)ωRF t]
+
∞∑
n=1
[(−1)2nJ2n(m) + J2n(m) exp
{
(iφB)
}
]
}
sin(2nωRF t). (3.11)
Here, we focus on the optical carrier and the first-order sideband terms at wRF . Hence, Eq.
3.11 can be simplified with the help of the Euler’s formula, expressed as
Emod =
E0
2
exp{iωct}[(J0(m) exp
{
(iφB)
}
+ J0(m)]
+ [J1(m) + J1(m) exp
{
(iφB)
}
][exp
{
[i(ωc −ωRF)t]
}
+ exp
{
[i(ωc +ωRF)t]
}
] (3.12)
Eq. 3.12 shows a distinct property that the two first-order sidebands are in-phase with respect
to the optical carrier, as shown in Fig. 3.4. This is in contrast to the out-of-phase sidebands
of the phase modulation implied by Eq. 3.5. Two sidebands remain in-phase, when the
relative phase shift φB =
piVbias
Vpi,DC
is varied by the applied DC bias voltage Vbias. The RF signals
generated by two in-phase sidebands will add up constructively, in a direct detection scheme.
ωc ωωc + ωRF
Modulated light
ωc - ωRFωc ω
CW light
DC Bias
Intensity Modulator
0 ωRF ω
RF Input
Figure 3.4: The schematic of intensity modulation using an intensity mod-
ulator. The input CW light is modulated by the input RF signal via the in-
tensity modulator. At the output of the intensity modulator, the modulated
optical signal consists of an optical carrier and two optical sidebands. Two
optical sidebands are in-phase, with respect to the optical carrier phase.
To have a better understanding of the intensity modulation, we proceed to discuss the RF
output signal via the direct detection. Here, we revisit Eq. 3.10, while we take its real part
and rewrite it, using the sum-to-product identities. The optical output field of the MZM is
given by
Emod = E0cos[φ(t) +
φB
2
]cos(ωct +
φB
2
). (3.13)
Substituting Eq.3.13 into Eq.3.6, the detected electric current is then given by
Imod =
γPDPin
2
{1+ cos[piVbias
Vpi,DC
+ 2
piVRF
Vpi,RF
cos(ωRF t)]}, (3.14)
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where Pin ∝ EoutE∗out is the power of the input optical carrier. Again, when considering the
small-signal approximation and ignoring the high-order harmonics, Eq.3.14 can be rewritten
as
Imod =
γPDPin
2
[(1+ cosφB) + 2sinφB
piVRF
Vpi,RF
cos(ωRF t)]. (3.15)
In the right-hand side of Eq. 3.15, the first term represents the DC current generated by
the average received optical power and the second term yields the output RF signal. When
varying the DC bias voltage applied to the MZM, the strength of the DC photocurrent is
changed at a rate proportional to (1 + cos φB), while and the RF signal is altered at a rate
proportional to sin φB). As discussed in Section 2.3, the DC photocurrent determines the
noise power and the RF signal is responsible for the link gain. Thus, by changing the DC
bias voltage, the noise figure can be altered, since the noise power and link gain change in
different rates. This forms the basis of the link performance optimization technique discussed
and analyzed in Section 2.3.3.
One should note that the photodetector output indicated by Eq.3.15 can also produce
high-order harmonics as discussed in Section 2.3. By taking into account the optical losses
including MZM insertion loss, Eq. 3.15 will provide the same expression for link gain.
3.1.3 Advanced Modulation
More flexible controls of amplitudes and phases of optical carrier and two sidebands can be
achieved using advanced modulation schemes, in contrast to the fixed phase relations in the
aforementioned phase modulation and intensity modulation.
MZM 1
MZM 2
DC Bias 1
DC Bias 2
DC Bias 3
ωc ωωc + ωRFωc - ωRF
Modulated light
0 ωRF ω
RF Input
ωc ω
CW light
90º shift
Figure 3.5: The schematic of advanced modulation scheme enabled by a
dual-parallel Mach-Zehnder Modulator (DPMZM). The DPMZM consists a
main Mach-Zehnder interferometer (MZI) structure, with two sub-MZM in
each arm. The input RF signal is split and distributed to two sub-MZMs,
with relative phase shift of 90◦. The relative phase offsets between two arms
in the main MZI and two sub-MZM are controlled by three independent DC
bias voltages. At the output of the DPMZM, the relative amplitudes and
phases of the optical carrier and two sidebands can be arbitrarily tuned.
The advanced modulation is typically realized using a dual-parallel Mach-Zehnder Mod-
ulator (DPMZM). The schematic of a DPMZM is shown in Fig. 3.5, consisting of two sub-
MZMs in each arm of a main Mach-Zehnder interferometer (MZI) structure. The modulated
3.2. On-Chip Photonic Processing 51
optical field at the output of a DPMZM is given by [262, 263]
Emod =
√
2
2
E0 exp(iωct){Ac exp(φc)
+ Al exp
[
i(−ωRF t + φl)
]
+ Au exp
[
i(ωRF t + φu)
]
},
(3.16)
where ac, al and au are amplitudes of the optical carrier, the lower sideband and the upper
sideband, respectively. φc, φl and φu are the corresponding phase. The amplitude and phase
of each optical component can be derived from the corresponding complex amplitude given
by
Ac = J0(
piVbias
Vpi,RF
)[cos(φB,1) + cos(φB,2) · exp
{
(iφB,3)
}
], (3.17)
Al = J1(
piVbias
Vpi,RF
)[i · sin(φB,1) − sin(φB,2) · exp
{
(iφB,3)
}
], (3.18)
Au = J1(
piVbias
Vpi,RF
)[−i · sin(φB,1) − sin(φB,2) · exp
{
(iφB,3)
}
], (3.19)
where the φB, j ( j = 1, 2, 3) is the bias angle determined by the applied DC bias voltage to
each MZM structure, indicated in Fig. 3.5. From Eqs. 3.17 to 3.19, the relative phase and am-
plitude of the optical carrier and sidebands can be arbitrarily tuned, by varying the three DC
bias voltages. This flexible tunability forms the basis of implementing ultra-deep MWP notch
filters [59, 60, 264], using a particular set of DC bias voltages. However, it is challenging
to maintain these specific voltages at a critical status, due to the unavoidable DC bias drift-
ing [263]. A similar advanced modulation scheme can be achieved using dual-drive MZM
(DDMZM) [265]. A more straightforward way it to use a phase/intensity modulator and a
Fourier-domain optical processor (FD- OP) [266] for the phase and amplitude manipulation
[263], however, at the cost of increased system complexity and costs.
3.2 On-Chip Photonic Processing
To implement signal processing, a collection of integrated photonic devices are capable of
providing different optical responses. These optical responses are used to process the modu-
lated optical signal, typically the optical sidebands. This section will introduce the photonic
processing function of the integrated ring resonator, followed by the discussion of different
schemes to implement RF transfer functions for RF signals.
3.2.1 Integrated Ring Resonator for Signal Processing
As introduced in Section in Chapter 2, the commonly-used on-chip functional photonic de-
vices include the multi-tap delay lines [173, 174], sub-wavelength gratings [105] and ring
resonators [102–104, 175, 267, 268]. The ring resonator is one of the most popular on-chip
devices used for photonic processing, due to its compact size, unique amplitude and phase
response, and controllable properties. Here, we focus on the signal processing enabled by
the ring resonator, as it is a key on-chip photonic device used throughout this thesis.
A typical integrated ring resonator consists of a closed-loop waveguide that is coupled to
a bus waveguide via evanescent optical field, as shown in Fig. 3.6. The incoming light in the
bus waveguide is able to be coupled into the ring waveguide through the directional coupler.
This optical coupler’s properties are characterized by an amplitude coupling coefficient of t
and a transmission coefficient of r. At a particular optical wavelength, the coupled light is
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able to successively circulate in the looped ring waveguide. As a result, an enhanced optical
field is built up inside the ring cavity, due to the constructive field interference effect. A
comprehensive and insightful study of the resonator’s principle and properties can be found
in reference [268–270].
E1 E2
E3E4
r
t
E4=aE3e
iφ
t
Figure 3.6: The schematic diagram of a ring resonator. The light is coupled
from the bus waveguide to the ring resonator through the directional coupler
denoted by the dashed box.
To understand the basic properties, we start with a simple model of a ring resonator,
using the annotations in Fig. 3.6. E1 is the incoming light field, E2 is the transmitted optical
field, E3 is the coupled optical field into the ring and E4 is the optical field after propagating
through one circumference of the ring. In the coupling area, the optical fields can be explicitly
described using a 2 × 2 transfer matrix, given byE3E2
 = r itit r
 E4E1
 , (3.20)
where r is the self-coupling coefficient and t is the cross-coupling coefficient of the optical
field, respectively. Thus, the ratio of optical power remaining in the bus waveguide can be
presented by R = r2, while the ratio of optical power coupled into the ring is given by
T = t2. We assume that the power is conserved in the coupling process, i.e. R + T = 1,
so that the two coupling coefficients satisfies the relations r2 + t2 = 1. After propagating
one circumference, the coupled field E3 acquires a phase shift φ and amplitude attenuation a,
yielding the relation with E4 given by
E4 = a exp
{
(iφ)
}
E3. (3.21)
The phase shift φ is given by
φ =
2pi f ne f f
c
L, (3.22)
where f is the optical frequency, ne f f is the waveguide effective refractive index, L is the ring
circumference and c is the speed of light in vacuum. The optical power loss after propagating
one round is expressed by
lloss = 1 − a2 = 1 − exp(−αlinearL), (3.23)
where αlinear is the optical propagation loss coefficient that is usually expressed in decibels
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αdB = −10αlinear log10 e. The value of αdB can be deduced from the cut-back measurement
or the resonance linewidth measurement. The αdB plays an important role in affecting ring’s
properties, which will be discussed later.
3.2.2 Optical Responses of Ring Resonators
Amplitude Response
By substituting Eq. 3.21 into Eq. 3.20, the fractional optical transfer function [268, 270],
essentially the ratio of the transmitted field to the incoming field, can be expressed by
H(2pi f ) =
E2
E1
= r − at2 exp(iφ)
∞∑
n=0
[ar exp(iφ)]n
= exp
[
i(pi+ φ)
]a − r exp(−iφ)
1 − ar exp(iφ) .
(3.24)
200 100 0 100 200
Frequency (GHz) + 193THz
15
10
5
0
T
ra
n
sm
is
si
o
n
 (
d
B
)
FSR
Figure 3.7: The simulated transmission of a ring resonator, showing the pe-
riodic notches at discrete frequencies. Parameters used in the simulation are
L = 1mm, t2 = 0.05, αdB = 3dB/cm, ne f f = 3.0 and optical wavelengths
near 1550 nm. The free-spectral range (FSR) is 100 GHz.
According to Eq. 3.24 and Eq. 3.22, the transfer function of the complex transmission
indicates a periodic response as a function of frequency, since it is essentially an infinite-
impulse response (IIR) as introduced in Chapter 2. Intuitively, every re-circulating optical
field inside the ring resonator can be treated as an optical delayed tap, which can eventually
form a large number of delay taps when the optical loss is low enough. By taking the square
of the transmission presented by Eq. 3.24, a typical intensity transmission of a ring resonator
is shown in Fig. 3.7, exhibiting periodic notches over the frequency range. The frequency
spacing of two adjacent resonances is defined as free-spectral range (FSR). Deduced from
Eq. 3.24, the full width at half maximum (FWHM) of the resonance at wavelength λres is
given by
BW =
(1 − ra)λ2
pingL
√
ra
, (3.25)
where ng = ne f f − λ∂ne f f∂λ is the group index. From Eq. 3.23 and Eq. 3.25, a higher round-trip
loss will lead to a broader FWHM.
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According to Eq. 3.24, the ring’s optical response can be tuned by altering the coupling
coefficients and the effective circulating phase. This response tunability makes the on-chip
ring resonators very attractive for reconfigurable photonic signal processing. Strikingly, a
null rejection can be formed, at a critical condition of a = r. At this critical coupling
condition, the optical power coupled into the ring is equal to the power dissipation of one
circulation. The notches in the transmission spectrum can be used to reject optical signals at
the same frequency. These null responses in amplitude provide the basis of ring-based notch
filters.
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Figure 3.8: Simulated optical response of a ring resonator operated in (a)
under-coupled regime when a2 = 0.187, r2 = 0.06; and (b) the over-coupled
regime when a2 = 0.187, r2 = 0.5. Parameters used in the simulation are
L = 1mm, t2 = 0.05, αdB = 3dB/cm, ne f f = 3.0, and optical wave-
length near 1550 nm. The phase response over the frequency in two coupling
regimes show an opposite sign, enabling negative and positive group delay,
respectively.
Phase Response
On the other hand, the phase response of the ring resonator provides an efficient way to
implement optical phase shifts and time delay. At the resonance frequency, the optical wave
is able to circulate along the ring resonator numerous times, until the majority of energy
has dissipated due to the losses induced by scattering, coupling, radiation in tight bends and
mode conversions. In this case, an intuitive result is that the circulating lights can accumulate
additional phase shift and equivalently be delayed around the resonance frequencies.
More interestingly, the phase response shows completely different features, when the ring
resonator is operated in the under-coupled condition (r > a) and the over-coupled condition
(r < a), respectively, as shown in Fig. 3.8. These two distinct phase slopes show an opposite
sign, while they have a similar rejection in transmission. Moreover, the under-coupled status
provides a phase change around 0 degree across the resonance frequency, while the over-
coupled status produces a successive phase transition from 0 to 2pi around the resonance.
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As shown in Fig. 3.8(b), there exists a pi phase inversion at the resonance frequency of the
over-coupled ring resonator. This exotic phase response can potentially enable unique and
enhanced signal processing capability, through delicate phase engineering.
One of the straightforward MWP applications of the phase response is to implement an
RF shifter, by applying the phase response to the optical carrier. This applied phase shift
of the optical carrier will translate into the phase shift of the RF signals via photodetection.
Another important application of this phase response is to enable time delay, based on the
slow-light effect introduced in Section 2.2.3. The derivative of the phase response over the
frequency can induce the negative or positive time delay, when the ring is operated in the
under-coupled or the over-coupled regime, respectively.
Underpinned by the advanced PIC technology, the ring’s coupling and effective round-
trip phase can be flexibly tuned, using the integrated micro-heaters via the thermal-optic
effect. However, the tuning speed is normally on the order of milliseconds. Also, it remains
challenging to achieve independent tuning of the coupling condition and the resonance fre-
quency, because any change in the coupler will affect both the coupling coefficients and the
round-trip phase.
3.3 Implementation of RF Photonic Processing
Now, let’s proceed to discuss the implementation of RF processing functionality, based on
the understanding of the typical modulation schemes and the optical response of the ring
resonator. We aim to use RF transfer functions to describe the ultimate RF processing func-
tions, which involves modulation, photonic processing, and photodetection. Here, we limit
the discussion to RF photonic notch/bandstop filter implementation.
For simplicity, we use a generic expression to describe the modulated optical field gen-
erated by various modulation schemes. Different types of modulations can be distinguished
by examining the relative amplitude and phase relations between the optical carrier and side-
bands. Thus, the generic expression is written as
Emod = Ec exp
{
i(ωct)
}
+ El exp
{
i
[
(ωc −ωRF)t + φl
]}
+ Eu exp
{
i
[
(ωc +ωRF)t + φu
]}
, (3.26)
where Ec, El and Eu are the amplitudes of the optical carrier, the lower sideband and the
upper sideband; φl and φu are the phases of the lower and upper sidebands generated in the
modulation, while we assume the carrier phase is 0.
ωc ωωc + ωRFωc - ωRF
SSB
ωc ωωc + ωRFωc - ωRF
Asym-DSB
ωc ωωc + ωRFωc - ωRF
Sym-DSB
Figure 3.9: The schematics of three typical modulation schemes, including
(a) SSB: single-sideband modulation, (b) A-DSB asymmetric dual-sideband
modulation and (c) symmetric dual-sideband modulation.
The modulation schemes can be identified by examining the phases relations between the
carriers and sidebands. For instance, the phase modulation described by Eq. 3.5 exhibits that
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two sidebands’ relative phases with respect to the carrier phase have a pi difference, i.e. out-of-
phase. In contrast, the intensity modulation presented by Eq. 3.15 shows that the carrier and
sidebands have the same phase shift, i.e. in-phase. In general, the commonly-used modulation
schemes for the RF notch filter formation can be categorized into three types, according to
the amplitude and phase characteristics, as shown in Fig. 3.9. These three modulation types
are single-sideband, asymmetric dual-sideband and symmetric dual-sideband modulations,
as summarized in Table. 3.1.
Table 3.1: Simplified amplitude and phase relations of the optical carrier
and sidebands in various popular modulation schemes. Annotations follow
the parameters defined in Eq. 3.26
Lower Sideband Upper Sideband Carrier
El φl Eu φu Ec φc
SSB 0 0 Eu Arb. EC 0
Asym-DSB El pi Eu 0 EC 0
Sym-DSB El = Eu 0 Eu = El 0 EC 0
’SSB’: Single-Sideband; ’Asym-DSB’: Asymmetric Dual-Sideband; "Sym-DSB": Symmetric Dual Sideband;
’Arb’: Arbitrary.
3.3.1 Single-Sideband-based Processing
One of the simplest approaches to implementing the RF photonic filtering is based on the
single-sideband (SSB) modulation [103, 135, 271]. In a coherent filter configuration, the op-
tical response of integrated devices is used to impose a complex transfer function Hopt(ω) =
Hopt(2pi f ) on the sideband. From Eq. 3.26 and Table. 3.1, the processed SSB optical signal
is written as
Eproc = Ec exp
{
i(ωct)
}
+ Eu exp
{
i
[
(ωc +ωRF)t + φu
]}
Hopt(ωc +ωRF). (3.27)
Via direction detection, this processed signal is translated into a photocurrent, according
to Eq. 3.6. Here, we focus on the AC signal components at RF frequencyωRF , so the detected
RF signal is given by
Idet,AC = 2γPDEcEu cos
[
(ωRF)t + φu + φopt
]
|Hopt(ωc +ωRF)|, (3.28)
where φopt is the phase response of the optical device, typically a ring resonator. According
to Eq. 3.28, the complex transfer function for the electrical field is given by
HRF(ωRF) =
2γPDEcEu
Ein, RF
|Hopt(ωc +ωRF)| exp
{
i(φu + φopt)
}
, (3.29)
From Eq. 3.28, the optical response will be one-to-one mapped to the RF domain from
the optical domain, preserving the same response in amplitude and phase, as shown in Fig.
3.10. As a result, an RF filter can be constructed based on the amplitude response, while
an RF delay line can be generated through the phase response. Hence, the design of the
RF functionalities can be eventually transferred to the transfer function design of the optical
response. This mapping approach significantly reduces the design complexity, highlighting
the advantage of the coherent filter scheme introduced in Chapter 2. However, it remains
challenging to simultaneously achieve ultra-deep rejection and tunable narrowband filter re-
sponse, since these two parameters are coupled in optical resonances. It should be noted that
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Figure 3.10: Schematic illustrations of the implementation of an RF Pho-
tonic filter based on the SSB modulation scheme.
the transfer function for the intensity (or power) can be deduced by taking the power of Eq.
3.29.
3.3.2 Asymmetric-Dual-Sideband-based Processing
To achieve an ultra-deep filtering suppression, an emerging technique using asymmetric-
dual-sideband modulation (A-DSB) has been extensively investigated [60, 130, 131, 272,
273]. The main feature of A-DSB modulation is that the two sidebands show an out-of-phase
relation, as shown in Eq. 3.5 and Table. 3.1. The underlying idea of this scheme is construct-
ing a fully-destructive interference at the RF frequencies of interest, forming an ultra-deep
suppression. Thus, the filter rejection is no longer determined or limited by the optical re-
sponse of the optical filter. This unique scheme will eventually relax the requirements of the
optical filers.
To gain more insights, we proceed to explain this scheme based on mathematic descrip-
tions, which will guide the design of novel RF photonic filters with enhanced properties.
Here, we consider a case that an optical filer is used to process the upper sideband of the
modulated signal based on A-DSB modulation. The processed optical field is given by
Eproc = Ec exp
{
i(ωct)
}
+ El exp
{
i
[
(ωc −ωRF)t + pi
]}
+ Eu exp
{
i
[
(ωc +ωRF)t
]}
Hopt(ωc +ωRF), (3.30)
where the amplitudes of the lower sideband El and the higher sideband Eu can be different.
The additional phase of pi of the lower sideband in Eq. 3.30 indicates that the two optical
sidebands are out-of-phase. This type of modulation can be produced typically using the
aforementioned phase modulation with additional optical filtering to change the sidebands’
amplitudes. Alternatively, it can also be realized using complex modulation formats enabled
by the dual-parallel MZM (DPMZM) and the dual-drive MZM (DDMZM), with delicate DC
biases applied to the modulators [130, 272].
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Via direct photodetection according to Eq. 3.6, the detected RF AC components at the
RF frequency ωRF are given by
Idet,AC = 2EuEc cos (ωRF t + φopt)|Hopt(ωc +ωRF)| − 2ElEc cos (ωRF t) (3.31)
As shown in Eq. 3.31, the phase φopt of optical filter is transferred to the RF signal generated
by the upper sideband, while the RF signal generated by the lower sideband does not acquire
additional phase shift. The subtraction between these two terms indicates a destructive rela-
tion. For explicit descriptions, Eq. 3.31 can be transformed into a more compact form, given
by
Idet,AC = 2γPDEc
√
(Eu|Hopt(ωRF)|)2 + (El)2 − 2EuEl|Hopt(ωc +ωRF)| cos φopt cos(ωRF t + φRF),
(3.32)
where the phase term φRF is the resultant phase of the detected RF signal, expressed by
φRF = arctan [
Ec|Hopt(ωRF)| sin φopt
Ec|Hopt(ωRF)| cos φopt − El ]
= arctan [
sin φopt
cos φopt − ElEu |Hopt(ωRF)|
].
(3.33)
From Eq.3.32, the transfer function of the RF photonic filter based on A-DSB modulation
scheme given by
HRF(ω) =
2γPDEc
Ein, RF
√
(Eu|Hopt|)2 + (El)2 − 2EuEl|Hopt| cos φopt exp
{
i(φRF)
}
. (3.34)
RF Amplitude Response
At first, let’s have a look at the amplitude response of the detected RF signal indicated by
Eq. 3.34. The amplitude response is the basis of the formation of the RF notch filter with an
ultra-high rejection. Eq. 3.34 leads to a simple relation described by
|HRF(ωRF)| =
0, if φopt = 0 & Eu|Hopt(ωc +ωRF)| = El, 0, otherwise. (3.35)
From Eq.3.35, it is clear that a null response in amplitude can be formed at the corresponding
RF frequency ωRF ; if an optical filter provides a phase shift of φopt = 0 and an amplitude
response to balance the two sidebands at the frequency of interest. The formation of this
cancellation-based notch filter is schematically shown by the diagram in Fig. 3.11(a). Based
on this scheme, an ultra-deep rejection can be produced by even using a shallow notch re-
sponse of an optical filter. This attractive feature significantly relaxes the optical filter design
or additional tunable components, to achieve an optical filter response with an ultra-deep
suppression. More strikingly, this scheme is able to decouple the RF filter rejection from the
notch bandwidth.
This scheme also exhibits good compatibility with different optical filtering devices,
based on linear optical effects (resonators) [59] and the nonlinear optical effect (SBS) [60,
272]. As discussed in Section 3.2.1, ring resonators operated in the under-coupled regime
can readily satisfy such desired optical filter response, modifying the sideband amplitude
while providing 0 phase shift at the resonance frequency [273]. As shown in Fig. 3.12(a), an
over-coupled ring resonator with an FWHM of ∼ 200 MHz provides a shallow suppression
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Figure 3.11: (a) The schematic of the RF photonic notch filter implemen-
tation based on A-DSB modulation. Two sidebands are kept out-of-phase,
while the upper sideband is processed by an optical notch filter. Via direct
photodetection, the detected RF signals from the beat notes between two
sidebands and the optical carrier add up destructively, due to the matched
amplitudes and pi phase difference. This signal cancellation will enable a
null response in the RF domain, yielding an anomalously high rejection. (b)
The schematic of the phase shift enhancement in the RF domain, compared
to the optical domain.
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in amplitude, which matches the amplitude of the lower optical sideband. Via photodetec-
tion, the RF cancellation gives rise to an ultra-deep rejection in the RF domain. Other optical
filters based on the optical nonlinear effect SBS can also provide similar optical responses
[60, 130]. The concept and fundamentals of SBS will be introduced in Chapter 4. The RF
notch filter using a shallow SBS resonance has shown impressive performance, such as >50
dB rejection, sub-30-MHz spectral resolution and ultra-wide center frequency tunability of
> 30 GHz [60].
However, these advantages come with a vital side effect, the excess loss in the passband,
due to inevitable wideband destructive interference. As shown in Fig. 3.12(a), the passband
strength of the resultant RF response decreases, compared to the RF filter based on SSB
modulation scheme shown in Fig. 3.10. This decrease will translate to the insertion loss of
RF signals. This side effect is attributed to the partial destructive RF interference induced by
two out-of-phase sidebands. Such a destructive interference leads to the subtraction relation
shown in Eq. 3.34.
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Figure 3.12: Simulation results of (a) an RF notch response in intensity
(square of the amplitude) and (b) the corresponding phase responses. An
under-coupled ring resonator processes the upper sideband of A-DSB op-
tical signals. The minimum of the suppressed upper sideband matches the
amplitude of the lower sideband. The matched amplitudes and out-of-phase
relation lead to the fully constructive cancellation at the matched frequency.
Meanwhile, at other frequencies, partial destructive cancellation also occurs,
resulting in additional losses of RF signals. During the formation of this RF
filter, a magnified RF phase is obtained, compared to the ring-induced optical
phase.
RF Phase Response
The resultant phase of the detected RF signal also shows a very interesting feature. As indi-
cated by Eq. 3.33, the RF phase φRF is a function of the applied optical phase φopt, amplitudes
(El and Eu) of two sidebands and the amplitude response of the optical filter |Hopt|. This fea-
tures a different phase response, compared to the case based on SSB modulation where the
phase is one-to-one mapping to the RF domain from the optical domain. Here, we consider
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a small-signal model, i.e. the induced optical phase φopt  0. When El approaches Eu|Hopt|
and ElEu |Hopt(ω)| < 1, the result phase response in Eq. 3.33 can be expressed in an approximate
form given by
φRF ≈ G · φopt = [1 − ElEu|Hopt(ωRF)| ]
−1φopt, (3.36)
where G = [1 − ElEu |Hopt(ω)| ]−1 is a scaling factor of the phase response. From Eq. 3.36, one
can find that the scaling factor yields G  1, when El approaches Eu|Hopt|. In this case, the
applied optical phase shift φopt is equivalently magnified to a larger RF phase shift, with an
amplification factor of G.
To understand this phase-shift amplification effect, we revisit the example discussed in
Section 3.3.2. Here, we only focus on the phase responses. As shown in Fig. 3.12(b), when
the amplitude ratio of two sidebands ( ElEu |Hopt(ω)| ) approaches 1, the resultant RF phase shift
φRF is significantly enlarged, compared to the initial optical phase shift φopt induced by the
ring resonator. This feature is shown in Fig. 3.12. Moreover, the factor G can be flexibly
adjusted, when the relative amplitude of El and Eu|Hopt(ω)| is altered.
When the relative amplitude is altered to enable ElEu |Hopt(ω)| > 1, Eq. 3.36 needs to be
added with an phase offset of pi, as the resultant phase response is dominated by the stronger
out-of-phase sideband. In this case, the scaling factor will yield G < 0 but keeps |G|  1. As
a result, this change in G implies a negative amplification, enabling the change in the sign of
the phase slope.
This phase amplification effect and the tunability are extremely attractive for the appli-
cations, in which enhanced and tunable phase response is desired. Intuitively, these novel
features can find interesting and important applications for slow-light-based RF delay lines.
By substituting Eq. 3.36 into Eq. 2.7, an enhanced time delay can be achieved, expressed by
Tdelay,RF = G
∂φopt(ω)
∂ω
. (3.37)
Similarly, the time delay can also be enhanced by a factor of G. By adjusting this scaling
factor, the RF time delay can be tunable or even be switchable between the time delay and
advancement. Once a certain method is found to alter G at a high speed than the slow thermal-
optic effect, an RF photonic delay line with an ultra-fast tuning speed can be implemented.
Thus, the performance in terms of the tuning and switching speed can be greatly improved.
This unique phase enhancement and tuning scheme motivates the work of the gigahertz
tuning speed of an on-chip RF photonic delay line in Chapter 4.
3.3.3 Symmetric-Dual-Sideband-based Processing
The modulation scheme that generates dual in-phase sidebands is another type of modulation
format available to implement RF photonic signal processing function. This modulation can
produce two equal-amplitude sidebands, with the same phases as the optical carrier, as shown
in Table. 3.1. To distinguish it from the above A-DSB modulation scheme, we define it as
the symmetric-dual-sideband modulation (S-DSB). Ideally, such S-DSB modulation scheme
is preferred, as it provides relative advantages:
• Easy Generation: The S-DSB modulation can be directly generated through the widely-
used intensity modulator (typically MZMs), as discussed in Section. 3.1.2.
• Direct Detection: A simple direct photodetection can detect the RF signal, as indicated
by Eq. 3.15 in Section. 3.1.2. Due to the in-phase sidebands, the beat notes between the
optical carrier and two sidebands can add up constructively, forming strong RF signals
compared to other cases. It should be noted that the beat note between two optical
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sidebands also exists, generating second-order distortion. However, this distortion can
be neglected in sub-octave RF applications, which will be discussed in Chapter 6.
• Compatible with Link Optimization: One of the well-established link performance
optimization techniques is using the low-DC-bias configuration of an MZM, as intro-
duced in Chapter 2. RF photonic signal processing using an MZM can potentially
be compatible with the low-biasing technique for RF link performance optimization,
which is discussed in details in Section 2.3.3.
Based on the S-DSB modulation, RF photonic notch filters can be implemented in several
topologies, depending on how the photonic processing is applied to the two optical sidebands.
Here, we will introduce two types of configurations: 1) two sidebands are both optically
processed; 2) only one sideband is optically processed.
Two-Sideband Processing
Here, we assume two optical filters are used to impose optical responses onto two in-phase
optical sidebands, separately. The processed optical field is expressed by
Eout = Ec exp
{
i(ωct)
}
+ El exp
{
i
[
(ωc −ωRF)t
]}
Hopt,l(ωc −ωRF)
+ Eu exp
{
i
[
(ωc +ωRF)t
]}
Hopt,u(ωc +ωRF), (3.38)
where Hopt,l(w) and Hopt,u(w) are the optical transfer functions applied to the lower sideband
and the upper sideband, respectively. Via direction photodection, the detected AC RF current
is given by
Eout,AC =
2ElEc
Ein, RF
cos (ωRF t − φopt,l)|Hopt,l(ωc −ωRF)|+ 2EuEcEin, RF cos (ωRF t + φopt,u)|Hopt,u(ωc +ωRF)|
=
2EuEc
Ein, RF
√
|Hopt,l|2 + |Hopt,u|2 + 2|Hopt,lHopt,u| cos∆φ cos(ωRF t + φRF),
(3.39)
where ∆φ = φopt,u − φopt,l is the phase difference of two induced optical phase shift while
φRF the resultant RF phase shift. From Eq. 3.39, one can find that the null response at the
frequency of interest can be achieved under two different conditions, expressed by
HRF(ωRF) =

0, if |Hopt,l(ωc −ωRF)| = |Hopt,u(ωc +ωRF)| = 0
0, or if ∆φ = pi & |Hopt,l(ωc −ωRF)| = |Hopt,u(ωc +ωRF)| , 0
, 0, otherwise.
(3.40)
In the first case, two optical responses are located at each side of the optical carrier,
with the same frequency spacing (wωRF) relative to the carrier frequency. Once the optical
responses satisfy the condition of |Hopt,l(ωc − ωRF)| = |Hopt,u(ωc + ωRF)| = 0, the notch
response can be synthesized at the RF frequency of ωRF . This is the underlying idea of
the very first IMWP notch filter demonstration in reference [175]. In this demonstration,
two optical filtering responses were provided by two silicon ring resonators operated at the
critical coupling condition. However, this configuration lacks bandwidth tunability that is
crucial for RF filters.
Alternatively, the second set of conditions provide a viable approach to achieve the RF
notch response, without requiring that the resonators are operated at the critical coupling
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Figure 3.13: Schematic illustrations of the implementation of RF Photonic
filter based on SSB modulation scheme, with two optical sidebands being
processed. Two ring resonators operated in different coupling regimes are
used to implement a set of conditions of ∆φ = pi and |Hopt,l(ωc − ωRF)| =
|Hopt,u(ωc +ωRF)| , 0.
point. The schematic principle is shown in Fig. 3.13. As discussed in Section. 3.2.1, ring
resonators can be operated in the under-coupled regime and the over-coupled regime. Res-
onators operated in these two distinct regimes can provide the same suppression in the am-
plitude, while completely different phase response, as shown in Fig. 3.8. The under-coupled
ring produces 0 phase shift at the resonance frequency, while the over-coupled ring generates
a φ phase inversion. The under-coupled resonator processes the lower sideband, while the
over-coupled resonator processes the upper sideband. Two independent ring resonances are
located symmetrically at both sides of the optical carrier. These unique and distinct features
can exactly meet the conditions of ∆φ = pi and |Hopt,l(ωc −ωRF)| = |Hopt,u(ωc +ωRF)| , 0.
Hence, a notch response can also be realized in the RF domain. More attractively, this scheme
allows for the tunability of the optical responses, and only requires the amplitude equalization
at the notch frequency of S-DSB.
One-Sideband Processing
From the perspective of the filter operation, it is preferable to optically process only one
sideband of S-DSB optical signals. This will enable the flexible frequency tuning of the
implemented RF filter, by only tuning the optical carrier frequency. This is in contrast to
the two-sideband processing, in which two independent optical filters have to be tuned to
frequencies located symmetrically at both sides of the optical carrier. However, this type of
RF filter implementation has not been studied extensively.
In this section, we propose the design concept of the RF notch filter based on only one
sideband processing, in an S-DSB modulation scheme. Through the following discussion, we
will understand the key challenges and the possible solutions in this filter design. Here, we
consider that the upper sideband of the optical field based on S-DSB modulation is processed
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Figure 3.14: Schematic illustrations of the implementation of RF photonic
filter based on SSB modulation scheme, with only one optical sideband being
processed. An unique optical response is desired to satisfy the condition of
φopt = pi & |Hopt(ω)| = 1.
by one optical response. Similarly, the detected RF signal is expressed by
HRF(ωRF) =
2ElEc
Ein, RF
cos (ωRF t) +
2EuEc
Ein, RF
cos (ωRF t + φopt)|Hopt(ωc +ωRF)|
=
2E0Ec
Ein, RF
√
1+ |Hopt|2 + 2|Hopt| cos φopt cos(ωRF t + φRF),
(3.41)
where Hopt(ω) is the applied optical response. Eq. 3.41 implies the condition to implement
a null response in the RF domain, given by
HRF(ωRF) =
0, if φopt = pi & |Hopt(ωc +ωRF)| = 1, 0, otherwise. (3.42)
Thus, the key to implement an RF filter notch function is to find a unique optical response,
providing a transfer function that satisfies φopt = pi and |Hopt(ω)| = 1 at the notch frequency.
As shown in Fig. 3.14. This desired optical response is expected to produce a pi phase
shift, while the amplitude response remains constant at the same frequency. However, to our
best knowledge, there is no optical device that can directly generate such a unique optical
response.
To bypass this limit, one possible approach is constructing the desired optical transfer
function, by cascading several transfer functions of different optical devices. This design
idea can be mathematically described by
Hopt(ω) =
n∏
i=1
Hopt,i(ω) = Hopt,1(ω) · Hopt,2(ω) · · · · · Hopt,n(ω). (3.43)
Logically, we can approach the desired optical transfer function by two steps: 1) imple-
ment the pi phase shift and 2) engineer the amplitude response. Here, we use simulations to
provide schematic illustrations of the transfer function implementation, as shown in Fig. 3.15
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First, as an important starting point, a pi phase offset needs to be generated, as suggested
in Eq. 3.42. Fortunately, the optical response Hopt,1(ω) of an over-coupled ring resonator can
provide such a pi phase shift, as shown in Fig. 3.15(a). The over-coupled ring resonator shows
a 3-dB bandwidth of ∼ 400 MHz which is the typical bandwidth of Si3N4 ring resonators
[179, 180].
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Figure 3.15: Simulation results of (a) an optical transfer function Hopt,1(2)
provided by an over-coupled ring resonator, (b) a complementary optical
transfer function Hopt,2(ω) providing amplification, (c) the cascaded optical
response Hopt(ω) = Hopt,1(ω) · Hopt,2(ω) and (d) the implement RF notch
response. The RF response shows enhanced passband, in contrast to the
excess passband loss of RF filter shown in Fig. 3.12(a).
However, the ring resonator produces a suppression in amplitude. Hence, a second op-
tical response Hopt,2(ω) is desired to compensate the amplitude suppression, while without
affecting the pi phase. Intuitively, the transfer function of Hopt,2(ω) manifests a complemen-
tary optical response which produces optical amplification within a limited frequency range.
Here, we assume that there exists an optical device that can provide such a transfer function,
as shown in Fig. 3.15(b). By cascading these two transfer functions, a synthesized transfer
function Hopt(w) = Hopt,1(ω) · Hopt,2(ω) can be constructed, exhibiting a flat amplitude
while a pi phase shift, as shown in Fig. 3.15(c). Following the principle shown in Fig. 3.14,
an RF transfer function that shows an RF notch response is obtained via photodetection, as
shown in Fig. 3.15(d). Attractively, the passband of HRF(ω) exhibits a strong response, due
to the constructive interference, in contrast to the filter scheme based A-DSB modulation.
However, conventional on-chip optical devices are usually passive, without the capability
to amplify signals. To enable the amplification, one promising solution is to leverage the
optical nonlinear process, as an active process. The above discussed design concept motivates
and guides the work of a high-performance RF notch filter in this thesis. The core idea of
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this RF filter is pairing the transfer functions of an over-coupled ring resonator and an active
optical process, stimulated Brillouin scattering (SBS) [183] which is capable of providing
optically-controllable gain resonance.
3.4 Considerations for High-Performance IMWP Signal Process-
ing
As explained in the above discussions, the RF transfer functions implemented by different
schemes exhibit distinct features, in terms of amplitude and the RF phase response. The
features in RF responses will lead to the different functionalities and indicate the RF link
performance. Hence, considerations need to be taken in the design of chip-based RF photonic
functionalities.
Modulation Scheme- The intensity modulation is preferred in MWP systems using
the simple direct detection. As shown in Section. 3.1.2 and Section 3.3.3, the intensity-
modulated optical signal allows for a strong RF response in the passband. Meanwhile, any
additional filtering of the optical sidebands should be minimized or even avoided, which will
cause side effects, such as excess losses, limited RF bandwidth and increased system cost.
These considerations are in particular important for RF systems, in which the high link gain
is desired to maintain the signal-to-noise ratio of RF signals.
Optical Processing- The bandwidth of optical processing is usually mapped to the RF
domain. To match the bandwidth of RF signals typically in the level of sub-GHz or even
lower, high-resolution optical processing is desired. This requires the on-chip devices to
be low-loss. For example, the lower propagation loss will result in narrow FWHM of the
ring resonance, as discussed in Section 3.2.2. At the same time, high optical rejection is also
desired, however, it raises design and fabrication complexity. To circumvent this issue, the se-
lective cancellation technique discussed in this chapter justifies its technique insertion. More-
over, this technique will also provide enhanced phase response to achieve high-performance
phase shifters and delay line.
Active Optical Effect- As discussed in Section 3.3.3, pairing optical responses with com-
plementary features in both amplitude and phase allows for the implementation of novel and
unique RF transfer functions. Active optical processes that can provide amplification func-
tion is attractive to provide distinct optical responses, to pair with passive optical devices.
This new concept will enable more flexibility in the design of RF photonic functionalities,
while maintaining a good RF link performance. To achieve this new concept, novel integrated
photonic platforms that accommodate different photonic devices and optical effects are also
desired.
These considerations play an important role in guiding the IMWP systems design in this
thesis. In the next chapter, an on-chip optical nonlinear effect, stimulated Brillouin scattering
(SBS) [183] will be introduced and discussed, which enables a wide range of functionalities
and applications for on-chip MWP signal processing [22]. As a nonlinear optical process, the
on-chip SBS can provide the desired complementary optical responses, to pair with passive
devices typically integrated ring resonators; this combination will enable enhanced function-
ality and high performance for IMWP signal processing.
67
Chapter 4
On-Chip Stimulated Brillouin
Scattering
This chapter presents the fundamentals of on-chip stimulated Brillouin scattering (SBS), as
an important nonlinear optical effect for IMWP processing. This chapter starts with a phe-
nomenological description of SBS with a brief historical review. To develop a basic under-
standing of the canonical SBS, we derive the underlying equations for describing backward
SBS in optical waveguides, using the well-accepted scalar model. We proceed to gain more
insights into SBS in sub-optical-wavelength photonic waveguides, in which a full-vectorial
model is applied for more accurate analysis. Based on numerical simulations using the full-
vectorial model, we predict for the first time, the inter-modal backward SBS in integrated
photonic circuits. Finally, this chapter closes with a review of IMWP applications using on-
chip SBS. Parts of contents in this chapter are based on the review paper from Liu et al.
[110].
4.1 Introduction to SBS
Stimulated Brillouin scattering (SBS) is a nonlinear process that originates from the coherent
interaction between an intense optical wave and an acoustic wave, generating a backward
scattered optical wave [56, 183, 232, 274]. The energy of the optical pump wave is transferred
to the scattered optical wave, with a frequency red-shift determined by the acoustic frequency.
This coherent process results in an optical resonance at the frequency of the scattered light,
exhibiting a narrow linewidth of typically tens of MHz related to the inverse of the acoustic
wave lifetime. Brillouin scattering was first theoretically proposed by Leon Brillouin in
1922 [275] and Mandelstam [276] in 1926, respectively, followed by pioneering experimental
observations in the spontaneous regime in 1930 [277, 278]. The invention of lasers in 1960
[279] that provided intense optical beams is able to induce the stimulated process, igniting the
extensive study of Stimulated Brillouin scattering. The rapid growth of the research interest
in the topic of SBS is depicted by Fig. 4.1, in which the scientific publications related to SBS
per year and the key milestones are presented.
The pioneering demonstration of SBS was first performed in Quartz and Sapphire crys-
tals [280], and subsequently in liquids [281] and gases [282] in early 1960s. With the advent
of low-loss optical fibers in 1966 [41], SBS was efficiently induced for the first time over a
long interaction length in 1972 [233]. By incorporating SBS process with fiber-ring cavi-
ties, low-threshold, continuous-operation and narrow-band lasers were achieved [283, 284],
without using additional doped gain materials. In the meantime, SBS in optical fibers was
also conceived as a powerful and versatile sensing tool, for probing the material properties,
including density, strain, and viscosity [285–294]. SBS-based sensing is based on the fact
that the features of the acoustic wave are related to the material properties and environmental
variations [183, 274, 295]. For photonic signal processing, the unique amplitude and phase
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responses of SBS in optical fibers also enabled a wide range of functionalities, such as slow
and fast light [97–99, 296, 297], phase shifting [140, 298–300], spectral filtering [130, 131,
265] and light storage [301–304].
Figure 4.1: The publications and historical timeline of major breakthroughs
in Stimulated Brillouin scattering (SBS) until November 2018. The insets
show the milestones in the development of SBS in different platforms. PCF:
photonic crystal fiber. Data is collected from web of science by searching
keyword: stimulated Brillouin scattering.
Over the last decades, the advance in optical device engineering enabled the second wave
of manipulating the SBS process. SBS in photonic crystal fibers (PCFs) [305–308] and
sub-waveguide-diameter [309] optical fibers have been extensively explored, opening a new
regime for the well-known backward SBS at the nanoscale [310], as well as discovering the
forward SBS (stimulated Raman-like scattering) under a distinct phase-matching condition
[311]. In more compact optical cavities that can significantly enhance the opto-acoustic
interaction in small mode volumes [312–315], SBS enables the realization of compact and
high-efficiency narrow-linewidth microwave sources [314, 316] and optical nonreciprocal
systems [317, 318].
In recent years, the research on SBS entered a new paradigm, i.e. inducing and harnessing
SBS in integrated photonic circuits [183, 231]. As shown in Fig. 4.1, this first on-chip SBS
was reported in an integrated Chalcogenide photonic waveguide on a silicon substrate [230]
in 2011, achieving the SBS gain coefficient higher than that of conventional single-mode op-
tical fibers by three orders of magnitude. This milestone breakthrough kicked off the research
trend in on-chip SBS. On-chip SBS has been subsequently demonstrated in a variety of ma-
terial platforms, such as silica [319], silicon-Si3N4 hybrid [320], all-silicon [220, 321–325]
and silicon nitride [326, 327], enabling unprecedented advances in chip-based microwave
signal source [319], non-reciprocal modulation [324] and Brillouin lasers [220, 326, 328].
To efficiently induce strong SBS effect in these micro/nano photonic waveguides, elaborate
efforts in material and geometry engineering are required to achieve good confinements of
both the optical waves and the acoustic waves. The underlying physical fundamentals and
numerical calculation methods will be discussed in following sections.
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Among the collection of materials, the Chalcogenide glass, typically As2S3, has been es-
tablished as a good material platform to efficiently generate SBS process in centimeter-scale
photonic circuits, due to the inherent advantageous properties including high refractive in-
dex, high photoelasticity and elastic mechanical properties. These properties are critical to
induce large Brillouin gain [183, 329, 330]. A wide range of advanced functionalities have
been implemented using SBS in integrated As2S3 photonic circuits, such as signal amplifica-
tion [331], filtering [60, 135, 136, 261, 331–333], spectrum purification [331], phase shifting
[141], time delay [107, 108], oscillators [149, 154, 206], frequency comb generation [334,
335] and data storage [236, 251, 336]. On-chip SBS can result in a significant scaling-down
of form factor, which is particularly important for RF applications where the reduction in the
size, weight, power and cost (SWaP-C) is desired [21, 22].
Overview of Stimulated Brillouin Scattering
The canonical SBS describes the coherent coupling between counter-propagating intense
optical pump wave and weak probe wave, mediated by an optically-induced acoustic wave,
in the presence of a strong pump beam. To understand this backward SBS process, we
consider a one-dimension planar optical waveguide, as shown in Fig. 4.2. An intense optical
pump wave at a frequency of ωp is injected into the waveguide, counter-propagating with a
weak optical wave at a lower frequency of ωs (Stokes frequency) incident at the other end
of the waveguide. The beat note between these two optical waves can form a traveling-
wave intensity envelope along the waveguide, at a frequency of Ω = ωp −ωs. The gradient
distribution of this intensity envelope generates an optical force that tends to compress the
waveguide material in the longitudinal direction, leading to a compressive density wave in
the material. This process is referred to as electrostriction.
Pump ωp Probe ωp - Ωs
(Electrostriction)(Photoelasticity)
Enhanced beat note Optical beat note Ωs
Figure 4.2: The schematic of the induction of the canonical backward stim-
ulated Brillouin scattering in a waveguide.
The optically-induced compression wave can resonantly reinforce the acoustic wave in
the material, as an external driving force. Due to the photoelastic effect that manifests the
refractive index change induced by the density variation, the acoustic wave excitation (es-
sentially material density variation) induces a traveling refractive grating in the waveguide.
Once the acoustic frequency Ω coincides with the Brillouin frequency shift ΩS BS , it leads to
a phase-matching condition. In this sense, the index grating enables enhanced reflection of
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the optical pump wave, due to the Bragg condition enabled by the phase matching condition.
Owing to the traveling-wave nature of the index grating, the frequency of the reflected pump
wave is down-shifted by a Doppler shift ofΩ, exactly matching the Stokes frequency ωs [56,
183, 274]. The scattered light will in turn constructively add up with the incident light at the
Stokes frequency, further enhancing the strength of the acoustics wave. In this manner, the
scattered light and the induced acoustic wave can mutually reinforce each other, giving rise
to the exponential growth of scattered light intensity.
The SBS process can also be understood from the view of quantum mechanics. This
excitation of density wave can be quantized using the concept of phonon. The quanta of
density wave packages is in analogy with photon which denotes the quanta of optical waves.
In the SBS process, the annihilation of a pump photon generates a Stokes photon and an
acoustic phonon. In this process, both the energy and the momentum are conserved [274].
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Figure 4.3: Schematic of the dispersion diagram that illustrates the SBS pro-
cess, and the corresponding SBS responses at the Stokes and the anti-Stokes
frequencies. The blue and red curves in the dispersion diagram present the
forward and backward propagating optical modes, respectively. Two optical
modes are in the same spatial modes. The green curves indicate the disper-
sion curve of a longitudinal acoustic wave.
The phase matching condition of the SBS process can be understood more intuitive, by
examining the dispersion diagram of the optical and acoustic waves as illustrated in Fig. 4.3.
A forward acoustic wave at frequency Ωs is able to bridge the energy and momentum dif-
ference between a forward optical pump wave (ωp) and backward optical Stokes wave (ωs),
by simultaneously satisfying the energy conservation and the phase-matching conditions ex-
pressed as
Ωs = ωp −ωs, (4.1)
kac = kp − ks. (4.2)
where kac is the acoustic wave vector. This coherent SBS process results in a high-resolution
gain resonance at the Stokes frequency, as shown in Fig. 4.3. This narrow linewidth feature
originates from the fact that efficient optical-acoustic interactions only occur within a narrow
frequency range where the optical waves and the acoustic wave satisfy the phase-matching
condition. The resonance linewidth is typically of the order of tens of MHz, inversely pro-
portional to the phonon wave lifetime determined by the material viscosity [337, 338]. Such
a narrow linewidth corresponds to an ultra-high optical quality (Q) factor on the order of
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1×107, which is extremely challenging to achieve in conventional on-chip optical devices,
although on-chip ring [218, 229] based on complex structural design and fabrication can
achieve this level of Q factor, but with a low fabrication precision tolerance. The design and
fabrication complexity results in challenges in mass-production integrated photonic devices.
This narrow resonance is particularly attractive for RF photonic signal processing, in which
SBS resonance exactly matches the requirements of high resolution and accuracy.
Similarly, a backward-propagating acoustic wave also allows for the coupling between a
forward optical wave and a backward optical wave at a higher frequency of ωas (anti-Stokes
frequency). This interaction is referred to as the anti-Stokes process. This phenomenon is in
analogy with the Stokes process, allowing the energy of the higher-frequency optical wave to
be transferred to the lower-frequency optical wave. The anti-Stokes process results in a loss
resonance at ωas.
This stimulated Brillouin process significantly differs from spontaneous Brillouin pro-
cess. In spontaneous Brillouin scattering, the scattered light is only linearly proportional to
the weak incident beam power [339], due to the thermal excitation of the medium at a given
temperature. When the intensity of the incident light is increased to a high level, the Brillouin
scattering process can enter the stimulated regime where the intensity of the scattered light
exponentially build up, due to the optically-induced photons. As a result, this stimulated pro-
cess enables an exponential amplification of the scattered light in the backward direction. As
schematically illustrated in Fig. 4.4(a), in the spatial domain, the Stoke wave power grows
exponentially along the Brillouin medium length at a given input pump power.
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Figure 4.4: The schematics of SBS response in (a) time domain and (b)
frequency domain.
The spectral properties of SBS also exhibit interesting features, as shown in Fig. 4.4(b).
Under an intense CW optical pump, a very narrow optical gain resonance can be formed
at the Stokes frequency, with a linewidth of typically tens of MHz. The gain resonance is
accompanied by a sharp phase response over the same frequency range, due to the Kramer-
Kronig relations [340]. In contrast, at the anti-Stokes frequency, a similar phase shift but with
an opposite slope is induced. Attractively, spectrally-broadened optical pump can produce
broadband SBS responses in both amplitude and phase, implying that the SBS response is
optically tailorable. These unique features make it possible to utilize SBS as an efficient tool
to process signal amplitude and phase, with the bandwidth tunability.
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4.2 Fundamentals of Stimulated Brillouin Scattering
In this section, we will derive the equations for the widely-known backward SBS, using
a scalar model in a one-dimension waveguide. The mathematic descriptions of SBS are
important to help readers to understand the origins, the formation and properties of SBS, as
the basis of deploying SBS in photonic signal processing.
This section will start with the general Maxwell equations that lay the foundation of
optical nonlinearity and guided optical wave theory. Finally, we then combine the theories
of propagating acoustic waves and the guided optical wave, via the acousto-optic coupled
model. Through this coupled model, SBS dynamics and its steady solutions can be obtained.
4.2.1 Nonlinear Optics
Light waves, essentially electromagnetic waves, can be described using vectorial electric field
E(r, t) and magnetic field H(r, t). The propagation of light waves is governed by Maxwell
equations [274], given by
∇×E = −∂B
∂t
, (4.3)
∇×H = J+ ∂D
∂t
, (4.4)
∇ ·D = ρ f , (4.5)
∇ ·B = 0, (4.6)
where D and B denote the electric and magnetic flux densities, respectively, J is the current
density vector, ρ f is the free charge density in the medium, as a source that generates electric
field. In the absence of any free charge and current, the vectorial current density and the
free charge density satisfy J = 0 and ρ f = 0. This assumption is valid in most of optical
waveguide media, such as optical fibers and other glass waveguide. The electric and magnetic
flux densities are connected through the relation
D = 0E+ P, (4.7)
B = µ0H+M, (4.8)
where P and M are the induced electric and magnetic polarization, respectively. 0 and µ0
are the permittivity and permeability in vacuum, respectively. In non-magnetic media, M is
treated as zero. Based on these simplifications, the electric wave equation can be deduced,
by taking the curl of Eq. 4.3 and combining Eq. 4.4, 4.7 and 4.8. The propagating wave
equation is expressed by
∇×∇ ×E = − 1
c2
∂2E
∂t2
− µ0 ∂
2P
∂t2
, (4.9)
where the c = 1/
√
0µ0 is the light speed in vacuum.
Eq. 4.9 can be further simplified, by using the connection between of the induced po-
larization P and the electric field E. By definition, the induced polarization P manifests the
medium response to the presence of electromagnetic fields. The response originates from
the dipole moment of atoms, induced by the applied electromagnetic field. In the presence
of intense electromagnetic fields, this response of medium properties (mainly permittivity)
becomes nonlinear. The induced polarization P in response to the electric field is given by
P = 0
χ(1) ·E+ χ(2) : EE+ χ(3) ...EEE+ · · ·  , (4.10)
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where χ(n) is the n-th order susceptibility described by an n + 1-rank tensor [274]. The
linear susceptibility χ(1) denotes the dominant linear response of P, while the higher-order
susceptibilities represent the second-order nonlinear responses. From Eq. 4.9, the higher-
order terms will generate new frequencies, due to effects including second-order harmonic
generation (SHG), sum-frequency generation (SFG), difference-frequency generation (DFG)
and Pockels effect. However, χ(2) and higher even-order terms vanishes in centro-symmetric
media, typically the silica optical fibers and most of amorphous materials used for PICs intro-
duced in Chapter 2. The third-order susceptibility χ(3) gives rise to the self-phase modulation
(SPM), cross-phase modulation (XPM), four-wave mixing (FWM) and SBS.
The total induced polarization P can be written in a more general form consisting of the
linear and nonlinear contributions, expressed as
P = PL + PNL, (4.11)
where PL denotes the linear contribution and PNL contains all the nonlinear contributions.
In the centro-symmetric media where χ(3) dominates the nonlinear effect, the linear and
nonlinear polarization can be simplified in the form expressed as
PL = 0χ(1)E, (4.12)
PNL = 0χ(3)
...EEE. (4.13)
By substituting Eq. 4.11 into Eq. 4.9 and using the vector identity ∇ × ∇ × E = ∇(∇ ·
E −∇2E), a simplified wave equation can be written as
∇2E − n
2
c2
∂2E
∂t2
=
1
c2
∂2PNL
∂t2
, (4.14)
where the relation of n2 = 1+ χ(1) is used to indicate the linear refractive index.
As a nonlinear optical process, SBS-induced change in material properties can contribute
an additional term to PNL. This additional nonlinear term gives rise to the coupling between
the optical waves and the acoustic wave, as explained in Section. 4.1. The analytical expres-
sion of this optical-acoustic coupling will be discussed in later sections.
4.2.2 Guided Optical Waves
The guidance of optical waves in optical waveguides has revolutionized communication in-
dustry, by confining and directing lights over long distances with low loss. It also provides
an efficient way to investigate nonlinear optical effects, in which good light confinement and
long interaction length are both achieved. It is also important for the exploration of the SBS
process, in particular in integrated photonic waveguides. In this section, we briefly discuss
guided light in micro/nano-scale waveguides using the wave description, since the wave de-
scription is more valid than the ray description based on total-internal reflection. Detailed
mathematic derivations can be found in text books [341, 342].
The guidance of optical waves is associated with linear properties of optical waveguide.
To examine this linear effect, we can treat the nonlinear contribution as a very small pertur-
bation to the propagation light field. With this assumption, we set the nonlinear polarization
term PNL to be zero. Hence, the wave equation in Eq. 4.14 is simplified as
∇2E − n
2
c2
∂2E
∂t2
= 0. (4.15)
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Guided optical waves can be obtained by examining the solutions of the wave equation
denoted by Eq. 4.15. Here, we assume that the optical wave is a time-harmonic field with a
wave vector of β. Based on the method of separation of variables, this optical wave propa-
gating along +z direction can be written in a form as
E(r, t) = Re[F(x, y)A(z, t) exp(iβz − iωt)], (4.16)
where F(x, y) is the electric field distribution in x− y plane, A(z, t) is the field amplitude with
a slowly-varying envelop, ω is the angular frequency. By substituting Eq. 4.16 into Eq. 4.14,
we obtain an equation
∇2F(x, y) + (n2k20 − β2)F(x, y) = 0, (4.17)
where the relation of k0 = ω/c is applied. Eq. 4.17 is indeed in the form of Helmholtz
equation which represent a time-independent wave equation. It is clear that the light field
distributions in the transverse direction (x − y plane) can be obtained by solving Eq. 4.17,
which is termed as optical modes, in contrast to the rays used to describe light traces in free
space.
Slab Waveguide
To gain the intuition of the optical modes, we start with a simple slab waveguide model. A
slab waveguide is composed of three dielectric layers, as shown in Fig. 4.5(a). The middle
layer with a higher refractive index of n1 and a width of 2d is sandwiched by two layers with
a lower refractive index n2. We assume the dimensions in y and z direction is uniform and
much larger than that in x direction.
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Figure 4.5: The Schematics of (a) a slab waveguide and (b) several guided
optical modes. The light propagation direction is along the +z direction.
When considering a light wave propagating along z axis, its field distribution must be
uniform along y axis, which means F(x, y) is y-independent. Thus, the wave equation shown
in Eq. 4.17 can be compressed to a lower-dimension form, given by
∂2F(x)
∂x2
+ (n2k20 − β2)F(x) = 0, (4.18)
where F(x) can be either Ey or Ex components, corresponding to transverse electric (TE)
field and transverse magnetic (TM) field. Intuitively, a guided wave with confined field
should exist as an oscillatory solution in the waveguide core, while the field in the cladding
must decay to zero at infinity in x. Based on these considerations, the field solution can be
expressed as
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F(x) =

A exp
[
p(x+ d)
]
, x ≤ −d
B cos(qx) +C sin(qx), |x| ≤ d
D exp
[
−p(x − d)
]
, x ≥ d,
(4.19)
where A, B, C and D are constant coefficients. q and p in Eq. 4.19 are given by
p =
√
β2 − n22, (4.20)
q =
√
n21 − β2. (4.21)
According to Eq. 4.5 and Eq. 4.6, all the tangential components of E and H to the bound-
aries must be continuous. Based on this boundary condition and eliminating the coefficients,
Eq. 4.19 yields a solution
tan(2qd) =
2pq
q2 − p2 . (4.22)
With the help of numerical calculations, the transverse wavenumber q that satisfies Eq. 4.22
can be obtained. Therefore, the propagation constants β can also be deduced, using Eq.
4.21. Each propagation constant presents the wavenumber β in z direction, yielding an effect
refractive index expressed as
ne f f =
β
k0
. (4.23)
From Eq.4.20 and Eq. 4.21, the effective refractive index must satisfy n2 < ne f f < n1. ne f f is
a key parameter to describe the phase velocity vphase of optical modes, particularly for mode
coupling and nonlinear optical processes where phase matching is crucial.
It should be noted that Eq. 4.22 can yield more than one solution, when the slab width 2d
is large enough; This leads to the formation of a ’multi-modal’ waveguide that can support
different modes instead of only one optical mode. Schematics of field patterns of different
TE modes are shown in Fig. 4.5(b). The solutions of TM modes can be acquired in a similar
approach. Different modes are orthogonal in a uniform multi-modal waveguide. This means
that they will not interact or be coupled with each other, unless perturbations are introduced
in the geometry or to the refractive index. This is the basis of nonlinear interaction between
different optical modes, which will be introduced later.
Strip Waveguide
Now, we extend the concept of optical modes to the strip waveguide model, i.e. in 2 dimen-
sions. The strip waveguide is an extensively-used waveguide geometry in integrated photonic
circuits. Another widely-used waveguide geometry is the rib waveguide which usually ex-
hibits lower scattering loss induced by the sidewall roughness. Here, we focus on the analysis
on the strip waveguide to gain the intuition of optical modes, as the strip waveguide is main
waveguide geometry in this thesis. Compared to a slab waveguide, the strip waveguide has
an additional confinement along the y axis. Fig. 4.6 (a) depicts the geometry of a strip
waveguide: a core waveguide with a rectangular cross-section is surrounded by the cladding
material with a lower refractive index. The field distribution in the transverse plane (x − y
plane) can be obtained by solving the wave equation
∂2F(x, y)
∂x2
+
∂2F(x, y)
∂y2
+ (n2k20 − β2)F(x) = 0. (4.24)
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Figure 4.6: The schematic of a strip waveguide with refractive index con-
finements in both the x and the y direction. Due to the large dimension in
x direction, this waveguide can support (a) the fundamental TE0 mode and
(b) a higher-order TE1 mode. (d) Numerically calculated dispersion curves
of a multi-modal waveguide. The insets depict the mode patterns of TE0
and TE1. Optical modes can propagate along both +z and −z axes. The
propagation constants of different modes can be different.
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Unlike in the case of the slab waveguide, the mode solutions of a strip waveguide cannot
be directly expressed using analytical expressions. Although effective index method can pro-
vide approximate mode solutions, numerical calculations using finite-element method (FEM)
is capable of offering mode solutions with high accuracy. Again, boundary conditions need
to be used for solving the mode fields, based on the fact that the tangential components of E
and H to the boundaries must be continuous. Since there exist refractive index confinements
in both x and y directions, the optical mode, i.e. the light field distribution has a confined
pattern in both x and y directions.
A strip waveguide with a large geometry can support several guided optical modes, ex-
hibiting different field distributions. Fig. 4.6(b) and (c) show the mode patterns of TE0 and
TE1. To understand how geometrical variation affects the optical modes, we numerically cal-
culate the ne f f of optical modes in the As2S3 strip waveguides with different widths; As2S3
waveguides are deployed to enable the SBS process in this thesis. In numerical calculations,
we use n1 = 2.44, n2 = 1.44, λ = 1550nm and a waveguide thickness of 680 nm, while
the waveguide width is varied from 500 nm to 2500 nm. For explicit discussions, the ne f f is
calculated only for four optical modes, forming the dispersion curves as shown in Fig. 4.6(d).
A few important features can be found: first, ne f f decreases as the width decreases. This
can be understood by the fact that more light field distributes outside the core area in a smaller
waveguide. Meanwhile, high-order optical modes have lower values of ne f f than those of
lower-order optical modes, due to the larger mode distributions. When the ne f f of different
optical modes are close or identical, efficient coupling, i.e. energy exchange, occurs. This
feature plays an important role in enabling optical mode conversion, which will be further
discussed in the work in Chapter 7.
Figure 4.7: The schematic dispersion diagram of TE00 and TE01 in an optical
planar waveguide. Optical modes can propagate along both +z and −z axes
with different effective refractive indices. The dashed lines indicate the light
phase speeds in the cladding and the core, respectively, which are the lower
and upper speed limits of the guided optical waves. Thus, for guided optical
waves, the dispersion curves are within the regime limited by the dashed
lines.
The mode properties of guided optical waves are also frequency-dependent. In a waveg-
uide with a given geometry, the ne f f as well as the propagation constant β vary as a function
of the optical frequency. This relation is usually presented using a dispersion diagram as
shown in Fig. 4.7. This dispersion diagram coveys important information for exploring the
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mode properties and phase-matching condition, in particular for SBS. At any point on the
curves, the phase velocity can be obtained through the relation vphase = wβ =
c
ne f f
, while the
group velocity can be deduced from corresponding slope through vgroup = ∂w∂β .
Moreover, under certain conditions the dispersion curves shown in Fig. 4.7 yield a pho-
tonic bandgap [343], in analogy to the electric bandgap. Different optical modes indicated
by different dispersion curves do not interact with each other, which means no coupling or
energy exchange due to the boson nature of photons. However, interactions can occur, in the
presence of an additional wave with appropriate energy (or frequency δω) and momentum (or
wavenumber δβ). This additional wave can bridge two optical waves at different frequencies
or even in different optical modes. This important feature forms the basis of SBS where the
interaction of two optical waves are mediated by an acoustic wave. In the following contents
in this chapter, we will use the dispersion diagram to describe the SBS process, which can
clearly depict the energy and momentum conservation.
4.2.3 Propagating Acoustic Waves
We introduce the wave equation of the longitudinal acoustic wave which describes the in-
duced material compression along the wave propagation direction. In waveguides with fea-
ture sizes much larger than the acoustic wavelength, the acoustic waves exist in the form of
longitudinal elastic waves. This treatment is well-used and valid in standard single-modal
optical fibers and integrated Chalcogenide photonic waveguides. A schematic of the longi-
tudinal density wave propagating in the material is shown in Fig. 4.8, indicating that the
material is compressed and expanded in the propagation direction.
Density wave
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Figure 4.8: The schematic of the longitudinal density wave propagating
along the waveguide. The arrow points the density wave propagation di-
rection.
The propagating acoustic wave is manifested by a longitudinal material density wave [56,
274], given by
∂2ρ′
∂t2
− Γ∇2 ∂ρ
′
∂t
− v2ac∇2ρ′ = ∇ f , (4.25)
where ρ′ = ρ − ρ0 is the material density change from the average material density ρ0. Γ
is the acoustic damping coefficient determined by the material viscosity. vac is the velocity
of the material density wave, i.e. the acoustic velocity. The force per unit volume f is the
driving force of the density wave, originating from the optically induced electrostriction ef-
fect. By means of separating variables, the relative material density ρ′ can be expanded in
the following form
ρ′(r, t) = Re[FA(x, y)Q(z, t) exp(iΩt − ikAz)], (4.26)
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where FA(x, y) is the acoustic field distribution (acoustic mode) in the x − y plane with am-
plitude Q(z, t). Ω and kA are the angular frequency and wavenumber of the propagating
acoustic wave, respectively. In backward SBS, kA is approximated as twice of the wavenum-
ber of the optical wave, i.e. kA ≈ 2β. By substituting Eq. 4.26 in Eq. 4.25 and separating the
variables, the acoustic mode equation with eigenfrequency Ω is deduced as
∇2FA(x, y) + (Ω
2
vac
− k2A)FA(x, y) = 0. (4.27)
Similar to the optical mode, the acoustic mode that can exist in a waveguide can be nu-
merically solved using the FEM approach. In waveguides with relatively large dimensions,
several acoustic modes can exist, with different eigen-frequencies and mode distributions.
Thus, several distinct acoustic modes can participate in the SBS process, generating several
SBS gain resonances with different acoustic frequencies. In this case, Eq. 4.26 needs to be
written as the summation of different acoustic waves. In this section, we consider only one
acoustic wave that produces a dominant SBS gain peak.
In the SBS process, the driving force term in Eq. 4.25 is induced by the electrostriction
effect. The electrostriction effect can be understood as the tendency of compressing or ex-
panding the material, in the presence of an electric field. The corresponding electrostriction
force is given by
f = ∇pes, (4.28)
where pes is the electrostrictive pressure [56]. From Eq. 4.25 and Eq. 4.28, a relation between
the pressure pes and the electrical field E needs to be found, which will govern opto-acoustic
coupling.
Due to the electrostriction effect, the material density is modified, which in turn leads to
the change in the material permittivity . This process is referred to as the photoelastic effect.
The change in the material permittivity results in the change of the system potential energy
∆U [56], given by
∆U =
1
2
0∆E2, (4.29)
where the change in permittivity in response to density change is given by
∆ =
∂
∂ρ
∆ρ. (4.30)
It should be noted that this change in system potential energy must be equal to the work done
on the system. The work done on a volume V by the pressure pes is expressed as
∆W = pes
∆V
V
= −pes∆ρ
ρ
. (4.31)
By combining Eq. 4.29 and Eq. 4.31, the relation between the pressure and the electric filed
can be expressed as
pes =
1
2
0γeE2, (4.32)
where γe is the electrostrictive constant given by
γe =
∂
∂ρ
ρ. (4.33)
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By substituting Eq. 4.32 and Eq. 4.33 into Eq. 4.25, the acoustic wave equation including
a source induced by an electric field can be expressed as
∂2ρ′
∂t2
− Γ∇2 ∂ρ
′
∂t
− v2ac∇2ρ′ = −
1
2
0γe∇2E2. (4.34)
Eq. 4.34 clearly reveals the fact that the material properties can be changed in the presence of
the optical field, via the electrostriction effect. In the meantime, this optically-induced change
in material density can in turn modify the material permittivity  and eventually the refractive
index, as indicated by Eq. 4.30. This process is referred to as the photoelastic effect. This
modification of permittivity results in adding an extra item to the nonlinear polarization in
Eq. 4.13, given by
PNL = 0χ(3)
...EEE+
γe
ρ0
ρ′E. (4.35)
By substituting Eq. 4.35 into Eq. 4.14, one can find that the propagation of optical waves can
be affected by the optically-induced material density wave. This mutual interaction enables
the coupling between the optical and acoustic waves in the SBS process. In the end, the
acousto-optic interaction can be mathematically described by a set of coupled wave equa-
tions, as discussed in the following section.
4.2.4 Acousto-optic Coupling in SBS
In the backward SBS process, the electric fields of the optical pump wave and the back-
scattered Stoke wave are expressed by
E(r, t) = Re[Fp(x, y)Ap(z, t) exp
(
iβz − iωpt
)
+ Fs(x, y)As(z, t) exp(−iβz − iωst)], (4.36)
where Fp(x, y) and Fs(x, y) are the optical modes of the pump wave and Stokes wave. Ap
and As stand for the normalized field amplitudes of the pump wave and the Stoke wave,
respectively. Therefore, the square of the normalized amplitude indicates the optical power
I j = |A j|2 ( j = p, s). The frequency difference between ωp and ωs is typically of the order
of several GHz or tens of 10 GHz, so that the optical dispersion effect can be neglected over
such a small frequency range. With such a small frequency difference, the mode profiles of
the pump and Stokes wave are nearly identical, when both of them stay in the fundamental
optical modes. This case is referred to as the intra-modal SBS process.
By substituting Eq. 4.36 in Eq. 4.14 and substituting Eq. 4.26 in Eq. 4.34, the set of
coupled equations that govern the SBS dynamics can be obtained [93], given by
∂Ap
∂z
+
ng
c
∂Ap
∂t
= −α
2
Ap + ig1Asρ′, (4.37)
−∂As
∂z
+
ng
c
∂As
∂t
= −α
2
As + ig1Apρ′∗, (4.38)
∂ρ′
∂t
+
(
ΓB
2
− i∆ω
)
ρ′ = i
g2
Ae f f
ApA∗s, (4.39)
where ng is the group index of the optical waves in the waveguide, α is the propagation
loss of the optical intensity along the waveguide, ΓB = k2AΓ is the acoustic damping rate,
related to the Brillouin linewidth δvB = ΓB/2pi and the acoustic life time TB = ΓB−1, ∆ω
is the frequency detuning with respect to the Brillouin resonance peak, Ae f f is the effective
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optical-acoustic mode area, given by
Ae f f =
[〈|Fp(x, y)|2〉]2[〈|FA(x, y)|2〉]
|〈|Fp(x, y)|2F∗A(x, y)〉|2
. (4.40)
When the acoustic mode occupies a larger area, this effective area Ae f f can be approximated
as the effective area of the optical mode. This approximation is valid for SBS process in
optical fibers and integrated waveguides with large waveguide dimensions. g1 and g2 are
gain constants that contribute to the Brillouin gain coefficient [93], given by
g1 =
γeωp
c2vA
, (4.41)
g2 =
γeωp
2ngcρ0
. (4.42)
When investigating the SBS noise dynamics, a noise source term associated with thermal
density fluctuations needs to be added in Eq. 4.39 [344].
It should be noted that several proper approximations have been applied when deducing
the above coupled equations. Firstly, the slow-varying envelope approximation (SVEA) is
used to neglect the higher derivatives for time t and space z, since the pulse width of optical
waves in SBS process typically exceeds 1 ns. At the same time, the group velocity dispersion
(GVD) is also neglected, due to its negligible effect on optical pulses with a width > 1 ns.
Finally, we assume that the peak powers of the pump and Stokes wave are not high enough to
induce other nonlinear effects, such as SPM and XPM between counter-propagating optical
waves.
This set of nonlinear coupled-mode equations can be numerically solved by using the
finite-difference method, in proper coordinate transformations. Detailed numerical calcula-
tion methods and steps can be found in reference [345]. This numerical method is capable
of simulating the SBS dynamics that involves pulsed pump and Stokes waves, which plays a
key role in applications for pulse compression [346, 347], SBS enhancement [231, 348] and
light storage [236, 304, 349].
To get an analytical solution of these coupled equations, the intense CW optical pump
is treated as undepleted by assuming that the Stokes wave power stays low enough com-
pared to the pump wave, and the propagation loss is neglected in the waveguide. With these
approximations, the propagating Stokes wave [93] is expressed by
As(0) = As(z)exp[i
−ωngc + gBIp/21 − 2i∆ω/ΓB
 z − α2 z], (4.43)
where Ip is the optical pump intensity given by the optical power Pp over the effective optical
mode area Ae f f , i.e. Pp /Ae f f , gB is the Brillouin gain coefficient given by
gB = 4g1 · g2/ΓB =
2pin8 p212
cλ3pρ0Ω∆vB
, (4.44)
where p12 is the photoelastic coefficient of the waveguide material, λp is the pump wave-
length, ∆vB is the Brillouin linewidth given by ΓB/2pi. According to the relation n = k cω , the
complex refractive index of the Stokes wave can be obtained from Eq. 4.43, given by
ns = ng − i c
ω
gBIp/2
1 − 2i∆ω/ΓB . (4.45)
Eq. 4.45 provides insights into the amplitude and phase response induced by SBS,
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which fosters a wide range of applications such as signal filtering [60, 350] and amplifi-
cation [331] through the amplitude control; phase shift [141] and time delay [107] through
phase manipulation. The real part of ns represents the SBS-induced chromatic dispersion,
while the imaginary part indicates the Brillouin gain coefficient according to the relation
gs = −2 (ω/c) Im(ns). Here, the amplified Stokes wave is assumed to be low enough
to avoid depleting the optical pump. Therefore, the optical pump power remains constant.
From Eq. 4.45, after propagating a distance of L under the undepleted pump condition, the
accumulated relative phase change and intensity gain factor of the Stokes wave are given by
Go = gB
Pp
Ae f f
1
1+ 4(∆ω/ΓB)
2 L, (4.46)
∆ϕs = gB
Pp
Ae f f
∆ω/ΓB
1+ 4(∆ω/ΓB)
2 L. (4.47)
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Figure 4.9: Numerical calculations of SBS-induced intensity gain and phase
responses at different pump powers in a typical integrated As2S3 photonic
waveguide. In numerical calculations, the SBS gain coefficient gB/Ae f f is
set as 500 mW−1. The waveguide length is set as 24 cm. The pump power
ranges from 10 mW to 500 mW.
The phase and amplitude responses of the backward SBS enabled by an intense pump
beam are illustrated in Fig. 4.9. According to Eq. 4.47 and Eq. 4.46, by changing the pump
power, the strength of the amplitude response and the maximum phase shift can be tuned.
With a single frequency optical pump, the peak-to-peak phase shift at the Stokes frequency
increases as the SBS gain increases, achieving a 360 degree phase shift with a pump power
of 500 mW, as shown in Fig. 4.9.
The optically-pumped SBS process also offers flexibility to tailor the optical responses,
by arranging the pump at different wavelengths. As shown in Fig. 4.10, three optical
pumps are arranged at different frequencies with equal frequency spacing and identical op-
tical power, to implement an SBS response over a broader frequency span. In this case, the
resultant SBS response is the convolution of the intrinsic SBS response indicated by Eq. 4.46
and the optical pump spectrum at different frequencies, given by
G (ω) = G0 (ω0) ∗
∑
i
Ipδ (ω0 − ∆ωi)
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=
∑
i
IpG0 (ω0 − ∆ωi), (4.48)
where
∑
i Ipδ (ω0 − ∆ωi) is the linear summation of the pump intensity spectra with a linewidth
much narrower than the inherent SBS linewidth [94, 97]. The optically tailorable property of
SBS responses extends its potentials in broadband signal processing, especially in RF appli-
cations where conventional electronics cannot achieve broadband and flexible tunability.
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Figure 4.10: Numerical calculations of broadened SBS-induced intensity
gain and phase responses at different pump powers in a typical integrated
As2S3 photonic waveguide. In numerical calculations, the SBS gain coeffi-
cient gB/Ae f f is set as 500 mW−1. The waveguide length is set as 24 cm.
The pump power ranges from 100 mW to 1100 mW. An array of 10 pump
lines are equally spaced with a frequency interval of 20 MHz.
Finally, we briefly discuss the steady state SBS process. The steady model is commonly-
used to investigate the power distributions of the optical pump and Stokes wave along the
waveguide. In the steady state, the time derivatives in Eqs. 4.37-4.39 can be neglected.
The space derivative in Eq. 4.39 can also be neglected, since the acoustic wave decays much
faster than the CW optical waves, due to its shorter lifetime TB. Therefore, the coupled-mode
equations can be reduced to the form
∂Ip
∂z
= −α
2
Ip + gBIpIs, (4.49)
−∂Is
∂z
= −α
2
Is + gBIpIs. (4.50)
This steady-state coupled equations produce an explicit analytical solution of the Stoke wave
[274], given by
Is(0) = Is(L) exp
(
gBP0Le f f/Ae f f − αL
)
, (4.51)
where Le f f is the effective waveguide length. The loss term −αL describes the propagation
loss of the Stokes wave, which can be used to derive the net Brillouin gain in the waveguide.
Eq. 4.51 clearly indicates the exponential power growth of the Stokes wave in the backward
direction, which reveals the nature of the stimulated scattering process.
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4.3 Vectorial Description Of SBS in Nanophotonic Circuits
In recent years, extensive investigations haven been made to induce and harness SBS in
nanophotonics waveguides, such as sub-wavelength optical fibers [309, 310], photonic crys-
tal fibers [305, 311, 351, 352] and nano-scale silicon waveguides [320, 321]. However, the
scalar model fails to offer sufficient accuracy to describe or quantify the SBS in these nano-
scale photonic waveguides. For SBS process in these waveguides, the full-vector nature of
optical and acoustic modes has to be considered, due to the strong confinements in the trans-
verse direction. The boundary-light interaction due to the boundary discontinuities also needs
to be incorporated, which can induce a significant contribution to the overall SBS gain [337,
353–355]. Therefore, a fully-vectorial description of SBS is desired to precisely capture the
acousto-optic coupling in the SBS process.
Recent work on formulating SBS in nanophotonics has been done by Rakich et al. [353–
355], based on the valid consideration of particle flux conservation. SBS gain can be obtained
by computing the integral of material displacements and the optical forces induced by both
electrostriction and radiation pressure. However, in this model, the separation of the elec-
trostrictive pressure and radiation pressure at the discontinuous boundaries is not explicitly
discussed.
A more explicit approach is proposed by Wolff et al. [337], based on the perspective of
perturbation. The acousto-optic interactions are explicitly attributed to the body effect and
moving boundary scattering, resulting in mathematic formulations independent of the optical
forces. This approach forms the basis of numerical calculations of SBS in this thesis. In
this section, we will discuss the full-vectorial analysis of SBS, using the waveguide model
and material composition shown in Fig. 4.11(a), in line with the integrated As2S3 photonic
circuits investigated in this thesis as depicted in Fig. 4.11(b).
x
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As2S3
SiO2
SiO2
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Figure 4.11: (a) The schematic of a typical waveguide model considered
in this thesis, consisting of a core material As2S3 and a cladding material
of SiO2. (b) The scanning-electron microscope image (SEM) of the inte-
grated As2S3 Brillouin waveguide before being sputtered with the SiO2 up-
per cladding.
4.3.1 Full-Vectorial Acoustic Wave Analysis
Let’s first consider the fully-vectorial nature of the acoustic wave which is associated with
mechanical properties in continuous media. This is one of the most complex but very critical
components that will guide the numerical simulation and analysis of on-chip SBS. By ne-
glecting the elastic loss, the acoustic wave propagating in continuous media is governed by
the elastic wave equation for the vectorial displacement field U [356], given by
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− ρ0 ∂U
2
∂t2
+ ∇ ·T = −F, (4.52)
where T is the material stress and F is the external driving forces per volume. Using the
approach of separation of variables, the displacement field U propagating in the waveguide
can be described as
U(r, t) = u(x, y)B(z, t) exp i(kAz −Ωt), (4.53)
where u(x, y) is the spatial distribution of the displacement field in the entire waveguide
cross-section plane, consisting of three components in three directions, i.e. ux(x, y), uy(x, y)
and uz(x, y), B(z, t) is the slow-varying field envelope, Ω is the acoustic frequency and kA is
the acoustic propagation constant.
To solve Eq. 4.52, we need to express it as a function of u, by finding the relation between
the stress tensor T and the displacement u. Therefore, Eq. 4.52 can be reduced to an eigen-
equation of the acoustic (elastic) wave, after neglecting the driving force term. In the end, the
mechanical properties including the vectorial displacements and the corresponding spatial
distributions can be obtained.
According to Hooke’s law in continuous media, the stress and the strain of the material
are connected by a linear relation which is governed by the elastic properties of the material.
In analog to the one-dimension Hooke’s spring law, this is relation is expressed as
T = C : S, (4.54)
where C is the material stiffness and S is the strain. The stress T is defined as the internal
forces per unit area, while S depicts the relative extension of the material in the presence of
the material deformation (i.e. displacement u). Considering a micro cube of the material in
Cartesian coordinate system, the stress T and strain S are presented in a form of 3×3 matrices
(two-rank tensors)
T =

Txx Txy Txz
Tyx Tyy Tyz
Tzx Tzy Tzz
 =

T1 T5 T6
T5 T2 T4
T6 T4 T3
 (4.55)
and
S =

S xx S xy S xz
S yx S yy S yz
S zx S zy S zz
 =

S 1 S 5 S 6
S 5 S 2 S 4
S 6 S 4 S 3
 , (4.56)
where property symmetries Ti j = T ji and S i j = S ji (i, j = x, y, z) are applied to obtain
this contracted notation (Voigt notation) [357]. Therefore, there are only six independent
elements in T and S, respectively. From Eq. 4.55 and Eq. 4.56, one can find that the stiffness
C should be a four-rank tensor, yielding
Ti j =
∑
kl
Ci j·klS kl (i, j, k, l = x, y, z). (4.57)
According to the definition, each element S i j (i, j = x, y, z) in the strain tensor S is
expressed as
S i j =
1
2
(
∂ui
∂ j
+
∂u j
∂i
) (i, j = x, y, z), (4.58)
where small displacement assumption is applied to ensure the relation between the strain and
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the deformation is linear. Here, we avoid repeating exhaustive derivations of Eq. 4.58; De-
tailed derivations can be found in literature [356, 358]. It is important to note that diagonal
elements S ii (i = x, y, z) in the strain tensor is responsible for the normal strain, i.e. the ma-
terial compression and expansion, while other off-diagonal elements S i j (i , j) presents the
shear strain, in other words, the sheared deformations. For Backward SBS in bulk material,
the normal strain is the dominant effect for the longitudinal density wave. For SBS in nano-
scale structures, the shear strain is associated with boundary deformations, which can also
play an important role in the SBS process.
By combining Eqs. 4.55, 4.56 and 4.58 and applying the contracted notation, we can
obtain a simplified Hooke’s law expression. Here, we limit our discussion for isotropic mate-
rials (silica glass and Chalcogenide glass) and cubic crystalline materials such as silicon. In
these materials, the mechanical properties have high symmetries which allow for a reduced
form of Eq. 4.54, expressed as
T1
T2
T3
T4
T5
T6

=

c11 c12 c12 0 0 0
c12 c11 c12 0 0 0
c12 c12 c11 0 0 0
0 0 0 c44 0 0
0 0 0 0 c44 0
0 0 0 0 0 c44


S 1
S 2
S 3
S 4
S 5
S 6

(4.59)
and

S 1
S 2
S 3
S 4
S 5
S 6

=

∂
∂x 0 0
0 ∂∂y 0
0 0 ∂∂z
0 ∂∂z
∂
∂y
∂
∂z 0
∂
∂x
∂
∂y
∂
∂x 0


ux(x, y)
uy(x, y)
uz(x, y)
 . (4.60)
From Eq. 4.59, one can find that the stiffness tensor C only contains three elements c11,
c12 and c44. These stiffness tensor elements determine the material mechanical properties
including acoustic speed and stiffness. For isotropic materials, this can be further compressed
to two independent elements c11 and c12, with the relation of c44 = 12 (c11 − c12). This is
based on the fact that isotropic materials exhibit the same properties in different directions. It
should be noted that c11 is responsible for the elastic displacement (longitudinal wave) related
to the compression or expansion, while the c12 determines the sheared elastic displacement
(transverse wave). For instance, the longitudinal acoustic velocity is given by vA =
√
c11/ρ0
[356, 359, 360]. The stiffness of several commonly-used materials are summarized in Table
4.1. One can find that As2S3 shows a much lower acoustic velocity than other materials, such
as SiO2, silicon and Si3N4. This acoustic velocity difference plays a crucial role in material
selection for realizing on-chip SBS.
It should be noted that the three elements c11, c12 and c44 of the stiffness tensor C some-
times are not given directly. However, they can be deduced from materials Young’s modulus
E and Poisson ratio ν, through the relations
c11 =
E(1 − ν)
(1+ ν)(1 − 2ν) , c12 =
Eν
(1+ ν)(1 − 2ν) , and c44 =
c11 − c12
2
. (4.61)
For cubic and anisotropic materials, the eigen-equation depicted by Eq. 4.62 is still valid for
solving the elastic modes. However, the stress tensor elements listed in Eq. 4.63 need to be
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Table 4.1: Comparisons of Elastic and Optical Properties of Materials.
Materials n c11 (GPa) c12 (GPa) c44 (GPa) ρ (kg/m3) vA (m/s)
SiO2 [321] 1.44 78 16 31 2203 5960
As2S3 [361] 2.37 19.5 8.363 6.337 3200 2595
Silicon [321] 3.5 166 64 79 2330 8433
Si3N4 [362, 363] 1.98 542.2 193.4 338.22 2200 9900
modified, according to materials’ mechanical properties.
Finally, based on the foregoing relations, each component of the full-vectorial acoustic
wave is ready to be solved, over the entire cross section shown in Fig. 4.11(a). By substituting
Eqs. 4.53, 4.59 and 4.60 into Eq. 4.52 and neglecting the driving force term, the eigen-
equation of the acoustic wave can be written in a scalar form
ρ0Ω2
[
ux(x, y) uy(x, y) uz(x, y)
]
−
[
∂x ∂y
] T1 T6 T5T6 T2 T4
 = ikA [T5 T4 T3] (4.62)
with 
T1 = c11∂xux(x, y) + c12∂yuy(x, y) + c13[ikAuz(x, y)]
T2 = c22∂yuy(x, y) + c12∂xux(x, y) + c23[ikAuz(x, y)]
T3 = c13∂xux(x, y) + c23∂yuy(x, y) + c33[ikAuz(x, y)]
T4 = c44[∂yuz(x, y) + ikAuy(x, y)]
T5 = c55[∂xuz(x, y) + ikAux(x, y)]
T6 = c66[∂yux(x, y) + ∂xuy(x, y)]
, (4.63)
where the ci j should be replaced by the corresponding elements shown in Eq. 4.57.
Here, we provide a few notes for those who are interested in the numerical simulation
method. The eigen-equation depicted by Eq. 4.62 is essentially a two-dimension (2D) partial
differential equation (PDE) with three independent variables, i.e. the displacements in three
directions. The numerical simulations can be efficiently performed through the commercial
simulation tool COMSOL based on FEM method, using the built-in generic PDE solver
and the solid mechanics module for materials’ property definition. With a defined waveguide
cross section and given mechanical properties (c11, c12 and c44), the eigen-equation will yield
eigen-values of the acoustic frequencies and the corresponding displacement fields. In this
thesis, the numerical simulations of SBS are performed using the open-source tool NumBAT.
This tool is developed by Sturmberg et al. [364].
To achieve efficient opto-acoustic interactions in SBS process, a high optic-acoustic field
overlap is required. This requirement translates into the simultaneous confinement of both
acoustic and optical waves in the same waveguide structure. However, it remains challenging
and counter-intuitive to achieve the acoustic wave guidance. The material selection has to
satisfy the condition that the acoustic wave travels at lower speed in the core area while at a
higher speed in the cladding, i.e. vcore < vcladd as schematically illustrated in Fig. 4.12(a).
This condition is in analogy to the requirement of guiding lights in an optical waveguide,
in which the light speed in the core is slower than that in the cladding, as illustrated in Fig.
4.12(b). To achieve a lower optical velocity, a higher optical impedance is needed, i.e. a
higher refractive index. Similarly, the higher acoustic impedance is desired to guide acoustic
waves at a lower acoustic speed in the waveguide core, which is mainly determined by the
material stiffness. To guide both the optical wave and acoustic wave, the waveguide core
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Figure 4.12: The schematics of the cross section and the simulated mode
distributions for (a) acoustic wave and (b) optical wave, respectively. In the
numerical simulation, the waveguide core and cladding material are set as
As2S3 and SiO2, respectively. The cross section is set to have a width of
1.9 µm and a thickness of 0.68 µm. For illustration, a typical acoustic mode
of a longitudinal wave and fundamental TE00 optical mode are presented,
separately. The field amplitude is normalized for better visibility.
material is expected to be softer than the cladding material, and to have a higher refractive
index to achieve optical wave guidance. It should be noted, when the acoustic velocity in the
waveguide core is much lower than that of cladding, acoustic wave guidance can also form,
due to the large acoustic impedance mismatching. A typical example the suspended silicon
nanowire with the air cladding [321, 365]. Detailed analysis on the acoustic wave guidance
can be found in reference [366].
From Table 4.1, the waveguide structure of As2S3 core and SiO2 cladding turns out to
be an ideal combination to simultaneously guide the acoustic and optical wave in the same
waveguide. The high contrast in both refractive index and acoustic velocity will offer tight
field confinements, offering a strong opto-acoustic interaction. Fig. 4.12(a) and Fig. 4.12(b)
shown the numerical simulations of an acoustic mode and an optical mode (TE00), in a typical
As2S3-SiO2 waveguide with a dimension of 1.9 µm by 0.68 µm. In contrast to the optical
mode, the acoustic mode pattern indicates that the acoustic waveguide is heavily multi-modal.
This is due to the fact that the acoustic wavelength is around 300 nm, much less than the
waveguide core dimension, according to the parameters shown in Table. 4.1. However, this
complex acoustic mode is still able to provide efficient field overlap with the optical field,
which will be demonstrated later on. In a specific case where the acoustic speed is much
faster in the core, typically the silicon waveguide suspended in the air [321, 322], the acoustic
wave can also be guided, due to the large acoustic impedance mismatch [338]. However, this
type of suspended waveguides requires under-etching in the fabrication process, which lacks
robustness in practical applications.
With the numerical solutions of the acoustic field, the elastic energy EA of the acoustic
wave and its energy flux PA can be deduced, expressed as
EA = 2Ω2
"
S
ρ0|u(x, y)|2ds, (4.64)
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P(p,s) = −
〈"
S
zˆ[∂tU(r, t)] ·Tds
〉
, (4.65)
where the average is taken over acoustic cycles. Eq. 4.64 and Eq. 4.65 yield the acoustic
velocity
vA =
PA
EA . (4.66)
Eqs. 4.64 to 4.66 will be used to describe SBS dynamics and the gain calculation in coupled
equations in the following section. Following the above derivations and explanations, the
complex mechanical properties of acoustic waves can be numerically examined, as a key
step towards full-vectorial SBS analysis.
One necessary note should be added here, to help readers understand the difference and
relation in elastic wave calculations for bulk materials and micro/nano-scale structures. Start-
ing from Eqs. 4.62 and 4.63, if we only consider the contribution from the normal elastic
deformation, the elastic wave will be a longitudinal elastic wave (density wave). This as-
sumption is in line with the treatment of the longitudinal elastic wave in bulk material. By
ignoring the sheared components, acoustic loss and external driving force, Eq. 4.62 will have
the same expression for the acoustic wave equation Eq. 4.25 used in the scalar model.
4.3.2 Full-Vectorial Optical Wave Analysis
For the optics community, the full-vectorial analysis of optical fields is relatively familiar to
be addressed, using FEM method typically provided by COMSOL or other mode solution
tools. Detailed explanations of the guided optical modes and numerical simulation methods
have been covered in Section 4.2.2. Here, we only focus on the optical energy intensity and
energy flux which will be used for quantifying the SBS gain. With the field components
obtained from optical mode simulations, the optical energy density E(p,s) and energy flux
P(p,s) are given by
E(p,s) =
"
S
(E ·E∗)ds, (4.67)
P(p,s) =
"
S
zˆ(E∗ ×H)ds, (4.68)
where the notations p and s indicate the optical pump field and Stokes field, respectively
[337]. E and H are the vectorial electric and magnetic fields distributing over the waveguide
cross section. Therefore, we can also obtain the group velocity of the propagating optical
wave, which is essentially the energy transport velocity given by
v(p,s) =
P(p,s)
E(p,s) . (4.69)
4.3.3 Perturbation Theory for Opto-Acoustic Interaction
With understanding the vectorial nature of both acoustic and optical waves, we are set to
introduce the perturbation theory for describing the opto-acoustic coupling in SBS process.
This is in contrast to the method we discussed in Section 4.2.4, using the description of
electric-field-induced energy change. Here, we take an example of a strip waveguide with
mechanical deformation, as shown in Fig. 4.13. The elastic deformation will lead to two
main effects on the electromagnetic fields:
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Moving boundaryPhotoelasticity
Optical mode
Figure 4.13: The illustration of the elastically-deformed waveguide cross
section. The deformation will affect the optical field, through the interior
photoelastic effect and the moving boundary effect.
• Body Effect - The deformation will introduce small changes in the material permit-
tivity over the interior of the waveguide body, through the photoelastic effect. In the
presence of the strain S induced by the elastic displacement u, the material’s relative
refractive index ∆n/n (associated with permittivity) will be modified. This relation is
described by (∆n/n)2 = P∇su where P is the material’s photoelastic tensor.
• Moving Boundary Effect - The deformation at the waveguide boundaries will cause
the electromagnetic field change in small regimes at the material interface. Based on
the fact that the tangential component of electric field E‖ and the normal component
of the induced electric field D⊥ are continuous at the boundaries, the changes in the
electric field can be deduced
∆E = (−1a − −1b )−10 nˆ(nˆ ·D), (4.70)
∆D = (a − b)0(−nˆ × nˆ ×E). (4.71)
Assuming that the electromagnetic field changes are ∆E, ∆D and ∆H, we can rewrite the
optical wave equation Eq. 4.9 with perturbation terms
∇×∇ × (E+ ∆E) + µ0∂2t (D+ ∆D) + µ0∂t∇× ∆H = 0. (4.72)
On the SBS resonance where three waves are phase-matched, the perturbed field is mani-
fested by
∆E(r, t) = ∆Ep(r, t)As(z, t)B(z, t) + ∆Es(r, t)Ap(z, t)B∗(z, t) + c.c. (4.73)
By substituting Eq. 4.73 in Eq. 4.72, we can obtain the coupled-wave equations for pump
and Stokes waves
∂As
∂z
+ vs
∂As
∂t
= − iωsApB
∗
Ps Q1, (4.74)
∂Ap
∂z
+ vp
∂Ap
∂t
= − iωpAsBPp Q2, , (4.75)
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where Q1 and Q2 are the coupling coefficients, holding the relation of Q1 = Q∗2. The fre-
quencies of pump and Stokes waves are treated as ωp ≈ ωs = ω, considering the frequency
difference (typically ∼ GHz) is very small which will not produce significant impact on dis-
persion and mode distribution. Based on the detailed derivations in reference [337], the
coupling coefficient Q1 consists of two contributions, from the photoelastic effect and the
moving boundary effect
Q1 = Qtotal = QPE + QMB, (4.76)
where the photoelastic contribution QPE is given by
QPE = −0
"
S
d2rE∗s · (n4P · S ·Ep)
= −0
"
S
d2r
∑
i jkl
2r [E
(s)
i ]
∗E(p)j pi jkl∂ku
∗
l
(4.77)
where pi jkl presents the element in the photoelastic tensor P. The integral is over the entire
waveguide cross section. The photoelastic effect represents the change in refractive index or
electric susceptibility, in the presence of mechanical stress or strain. For isotropic materials,
this relation can be described with the contracted notation of the photoelastic tensor P
− 1
2r
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. (4.78)
Therefore, in the numerical simulations, the photoelasticity contribution can be calculated
by only incorporating three photoelastic tensor elements p11, p12 and p44, along with the
calculated optical and acoustic modes.
On the other hand, the contribution from the moving boundary effect QMB is deduced as
the integral along the material interfaces
QMB =
∫
dr(u∗ · nˆ)
{
[E(s)]∗∆D(p) − [∆D(s)]∗E(p)
}
=
∫
C
dr(u∗ · nˆ)[(a − b)0(nˆ ×E(s))∗(nˆ ×E(p))E(p)j − (−1a − −1b )−10 (nˆ ·D(E))∗(nˆ ·D(p))].
(4.79)
where the field perturbations shown in Eqs. 4.70 and 4.71 are applied.
Similar to optical waves, the wave equation for the acoustic wave can be derived as
∂B
∂z
+
1
vA
∂B
∂t
= − iΩA
∗
sAp
PA QA, (4.80)
where the coupling coefficient holds the relation of Q1 = Q∗2 = QA. From Eqs. 4.74, 4.75
and 4.80, the coupling coefficients Q1, Q2 and QA determine the strength of opto-acoustic
interactions and the SBS dynamics. Based on the detailed derivations in [337], in the steady
state, the SBS gain for the optical power is given by
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Gpower =
2ωΩRe(QtotalQ∗total)
PsPpPAα , (4.81)
where α (1/m) is the propagation loss of the acoustic wave. It can be deduced by using
experimentally measured mechanical quality factor Qmech through the relation
α =
Ω
2vAQmech
. (4.82)
Based on the above discussion, full-vectorial numerical simulations can be done follow-
ing the steps summarized as below:
• Optical mode calculation - With a given optical wave length, the propagation constant
and the electromagnetic fields of optical modes can be solved.
• Acoustic mode calculation - The frequencies and the corresponding vectorial elastic
displacements of acoustic modes can be obtained, by solving the acoustic wave equa-
tion. The key parameters of material mechanical properties are density, stiffness tensor
and the photoelastic tensor.
• Optic-Acoustic integral - The SBS gain coefficient is obtained by calculating Eq.
4.81, based on the integral of the optical and acoustic fields.
Based on the full-vectorial description, the SBS gain spectrum is numerically calculated,
by sweeping the waveguide width from 1 µm to 2.5 µm, while fixing the thickness of 0.68
µm. The waveguide core material is specified as As2S3 surrounded by a SiO2 cladding. In
the simulation, we assume that the optical pump and Stokes wave are both in the TE00 mode.
From the simulation results shown in Fig. 4.14, the acoustic frequency of the dominant SBS
gain peak increases, as the waveguide width increases. This frequency drifting is due to the
change in the wave vector of the longitudinal acoustic wave, based on the relation of kA ≈ 2β.
The general trend of the acoustic frequency change is depicted by the dashed black curve in
Fig. 4.14, obtained from the scalar model description. There exhibit discontinuities along
the acoustic dispersion curve of the longitudinal wave. At these dispersion discontinuity
spots, the dispersion curve of the longitudinal wave is connected with the dispersion curve
of shear acoustic waves, due the strong coupling near the waveguide boundaries (As2S3-
SiO2). This strong coupling between the longitudinal and shear waves forms the acoustic
anti-crossing where the dispersion discontinuities occur. The shear acoustic waves is given
by the boundary condition, which become stronger when the waveguide dimension decreases.
These simulation results implies the full-vectorial nature of the acoustics wave which consists
both transverse and longitudinal components. This is in contrast to the widely-used scalar
model of SBS discussed in Section 4.2.4, in which only the longitudinal acoustic wave is
considered.
Fig. 4.14 also shows that the SBS gain coefficient increases when the width decreases,
reaching nearly 1000 m−1W−1 at a width close to 1 µm. This is induced by the enhanced
confinement of both optical and acoustic modes, resulting in enhanced opto-acoustic overlap.
However, in practical waveguide designs, the trade-off between the waveguide width and the
gain coefficient needs to be considered, as narrower widths with stronger side-wall scattering
will lead to a higher propagation loss which will reduce the net SBS gain. By taking a cut-
line at the width of 1.9 µm in Fig. 4.14, we can obtain a typical SBS gain spectrum as shown
in Fig. 4.15. One can find that the FWHM linewidth of the dominant Brillouin gain peak is
around 40 MHz. This linewidth is the inverse of the acoustic lifetime (typically ∼ 10ns). In
Fig. 4.15, there also exhibit small gain peaks in adjacent to the main peak, which are induced
by the other acoustic waves, such as the shear wave as shown in Fig. 4.14.
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Figure 4.14: Numerical simulations of backward SBS gain as a function of
frequency and the As2S3 waveguide with SiO2 cladding. The waveguide
width varies from 1.0 µm to 2.5 µm and the waveguide thickness is fixed at
0.68 µm which is the typical thickness the As2S3 waveguides used in this
thesis. In the simulation, the pump and Stokes waves are both in the funda-
mental TE00 mode. The black curve indicates the frequency of the pure lon-
gitudinal acoustic waves, based on the widely-used assumption of kA ≈ 2β.
As pointed out by the white arrows, there exist anti-crossings due to the cou-
pling of transverse and longitudinal waves, forming hybrid acoustic waves.
This hybridized feature reflects the vectorial fact of the acoustic modes in the
waveguide. The inset shows the waveguide cross section and the materials.
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~ 40 MHz
Figure 4.15: A typical gain spectrum of backward SBS in the As2S3 waveg-
uide surrounded by a SiO2 cladding, with a width of 1.9 µm and a thickness
of 0.68 µm.
4.4 Inter-Modal Stimulated Brillouin Scattering
So far, the discussions on the SBS mainly focus on the canonical SBS process, i.e. the back-
ward SBS that involves the two identical optical modes. This type of SBS process is referred
to intra-modal SBS. In contrast, different optical modes can also participate the SBS inter-
action, which is termed as inter-modal SBS. With extended freedom in controlling optical
modes, inter-modal SBS holds the potential to enable a new class of exotic physical proper-
ties and applications. In this section, we will provide an overview of the principle of different
types of SBS process, highlighting the recent fashion of inter-modal SBS. In the end, we
for the first time predict the backward inter-modal SBS on the chip, which motivates the
experimental investigation in Chapter 7.
As discussed in Section 4.1, the coherent SBS process requires the momentum and en-
ergy conservation of the acoustic wave and two optical waves. This implies that once the
phase-matching condition of three waves are satisfied, SBS process can occur among differ-
ent optical waves or even in different directions, as summarized in Fig. 4.16.
In contrast to the canonical intra-modal backward SBS, intra-modal SBS can occur in
the forward direction, mediated by a forward propagating acoustic wave with a wave vector
of nearly zero (i.e. transverse acoustic wave). This type of SBS is also referred to guided
acoustic wave Brillouin scattering [367, 368] or stimulated Raman-like scattering [311, 369],
with early demonstrations in optical fibers and recent demonstrations in integrated photonic
circuits [320–322].
The most unique feature of the forward SBS is that the Stokes and anti-Stokes process
are mediated by the same acoustic wave, since the optical dispersion is approximately linear
in a small wavelength range. The forward SBS process is in stark contrast to the traditional
backward SBS where two distinct acoustic waves participate in the Stoke and anti-Stokes
processes, respectively. Therefore, forward SBS allows for a cascaded process at a high
pump power level. In the cascaded process, the optically-induced phonons can participate in
the generation of higher-order Stokes and anti-Stokes waves, as shown in Fig. 4.16. The cas-
caded forward SBS process allows for the generation of phase-locked frequency comb [311,
369]. However, this cascaded process is problematic for applications which requires a high
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Figure 4.16: Dispersion diagrams of the intra- and inter-modal SBS pro-
cesses in both backward and forward directions, respectively.
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Brillouin amplification factor, such as high signal amplification [370, 371], large phase shifts
and filtering [140, 297, 372–374], long time delay [88, 97–99] and Brillouin lasers [149]. To
achieve a high Brillouin gain factor, the unidirectional energy transfer from the optical pump
to one Stokes wave is strongly desired to generate single-sideband amplification. However,
the cascaded forward SBS precludes the generation of high Brillouin gain, since the pump
power will be spread to different orders of Stokes wave and anti-Stokes waves.
Forward Inter-modal SBS
Recently, the inter-modal SBS has gained extensive interest, due to the capability of decou-
pling the Stokes process and anti-Stokes process. The acoustic waves that participate in the
Stoke process and anti-Stokes process have different frequencies and momenta, as shown in
Fig. 4.16. As a result, the cascaded scattering process in forward intra-modal SBS can be
mitigated, which allows for the unidirectional energy transfer from the pump to one Stokes
wave. Therefore, forward inter-modal SBS technique makes it possible to apply forward SBS
in signal processing applications where high SBS gain is needed.
(a) (b)
(c)
Figure 4.17: The schematics of (a) the suspended silicon waveguide that en-
ables inter-modal forward SBS, (b) the waveguide cross section in which the
acoustic wave mediates the scattering between two distinct TE optical mode,
and (c) the operation scheme of the inter-modal forward SBS. The Stokes
wave is converted from the fundamental TE optical mode to the first-excited
TE optical mode by the modal coupler (M1) at the input. The pump wave
in the fundamental optical mode is co-propagating with the Stokes wave and
transfers the energy to the Stokes wave. At the output, the amplified Stokes
wave is downloaded to the fundamental TE optical mode, through the second
modal coupler (M2). Pictures are reproduced from reference [220, 323].
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The early demonstration of forward inter-modal SBS was achieved in micro-structured
optical fibers [351, 352, 375, 376], after the theory study reported by Russell et al. [369].
In the demonstration, the Brillouin scattering between different polarized optical modes was
discovered. The decoupling of Stokes and anti-Stoke processes in forward SBS provides a
new approach to achieving optical non-reciprocal devices [352, 377], self-oscillation [376]
and single-sideband amplification [351].
Recent advances in photonic integration technology allows for precise control and manip-
ulation of the optical modes on silicon photonic circuits [378–381]. The first demonstration
of inter-modal forward SBS was recently demonstrated by Rakich et al. [323], enabling
breakthroughs including the ultra-wideband isolator [382] and the Brillouin laser [220] on
integrated silicon photonic circuits. Besides achieving unidirectional energy transfer, the
inter-modal forward SBS scheme can radically eliminate the use of narrowband optical fil-
ters which is used to separate the co-propagating pump wave and Stokes wave in intra-modal
forward SBS scheme. By simply using well-developed integrated modal filters, the pump and
signal waves can be separated and routed to different on-chip devices. In the forward inter-
modal SBS scheme, the separation of pump and Stokes waves rely on the spatial distribution
of optical modes, so that a broadband separation can be achieved. However, other nonlinear
optical effects such as four-wave mixing can still occur among the co-propagating optical
waves, which limits the unidirectional energy transfer efficiency at high optical powers.
Backward Inter-modal SBS
As2S3
SiO2
1.9 µm
0.68 µm
(a)
,
TE00 mode
(b)
TE10 mode
(c)
Figure 4.18: (a) Schematic of the cross section of a multi-modal waveguide,
with a core material of As2S3 and a cladding material of SiO2. The electric
field distributions including Ex, Ey, Ez and |E| =
√
E2x + E2y + E2z of (b) the
fundamental TE00 optical mode and (c) the higher-order TE10 optical mode.
The effective refractive indices are neff,0=2.263 and neff,1=2.199. The field
amplitude is normalized for better visibility.
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In the conventional backward SBS (BSBS) process, the Stokes and the anti-Stokes scat-
tering processes are decoupled, as they are mediated by different acoustic waves. This de-
coupling of scattering processes enables the unidirectional energy transfer from the optical
pump wave to the Stokes wave, which is attractive in microwave photonic signal processing
[330] and signal generation [149] where high Brillouin gain is desired. However, embed-
ding BSBS in integrated photonic circuits for future applications remains challenging and
problematic, since non-reciprocal elements (circulators) must be integrated for separating
the counter-propagating pump wave and signal wave in the same spatial mode. Inter-modal
backward SBS (BIBS) provides a promising approach to circumventing these challenges,
which was demonstrated in few-modal fibers for BSBS [383–385].
The unique BIBS process is extremely attractive for integrated Brillouin photonic cir-
cuits, as the on-chip non-reciprocal devices such as isolators and circulators are very chal-
lenging to be realized in integrated photonic circuits. Hence, the BIBS can fully unlock the
potential of on-chip backward SBS for applications, which possesses a collection of inherent
advantages such as single-sideband amplification and non-reciprocity. However, the on-chip
inter-modal backward SBS has not been investigated, although pioneering fiber-based exper-
iments are recently reported by Song et al. [383–385]. Here, we perform numerical simula-
tions to explore the inter-modal SBS on a As2S3 photonic circuits, based on the full-vectorial
SBS model we discussed in Section 4.3.
We consider a waveguide cross section with a width of 1.9 µm and a thickness of 0.68
µm, as shown in Fig. 4.18(a). The waveguide core material is As2S3 with a refractive in-
dex of 2.44, surrounded by an infinitely-large silica cladding with a refractive index of 1.44.
Through numerical simulations, we can find that this waveguide supports several optical
modes. For explicit discussion, here we only investigate the inter-modal scattering between
the fundamental TE mode (TE00) and the first-excited TE mode (TE10), as shown by the
simulation results in Fig. 4.18(b) and Fig. 4.18(c), respectively. The different field distri-
butions of TE00 and TE10 lead to different effective indices of neff,0=2.263 and neff,1=2.199,
separately.
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Figure 4.19: Dispersion diagrams of the intra- and inter-modal backward
SBS processes in a multi-modal optical waveguide and the response at
Stokes frequencies.
In the dispersion diagram shown in Fig. 4.19, the two optical modes are represented by
two different dispersion curves in both forward and backward directions. Here, we assume
the CW optical pump wave is propagating in the forward direction at frequency ωp. As dis-
cussed Section 4.1, to enable the coherent SBS process, phase matching among two optical
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waves and the acoustic waves has to be satisfied. Since the backward-propagating TE00 and
TE10 modes have different wave vectors, the wave vector of the acoustic wave that mediates
the inter-modal (TE00-to-TE10) scattering differs from that of intra-modal (TE00-to-TE10)
scattering. These different phase matching relations are depicted by the arrows in green, as
shown in Fig. 4.19. As a result, these two distinct scattering processes will produce SBS gain
resonance at different frequencies in the spectrum domain. The frequency separation is re-
lated to the difference in the effective refractive index, while the SBS gain will be determined
by the integral of the vectorial optical and acoustic fields according to Eq. 4.81.
TE00 - TE10
TE00 - TE00
Figure 4.20: Gain spectra of the inter-modal and intra-modal backward SBS
in the waveguide shown in Fig. 4.18(a).
Using full-vectorial simulations, the gain spectra of the inter-modal (TE00-to-TE10) and
intra-modal (TE00-to-TE00) backward SBS are shown in Fig. 4.20. The frequency shift of
the inter-modal SBS is ∼ 80 MHz lower than that of the intra-modal SBS. This frequency
difference stems from the different acoustic wave vectors that bridge distinct optical modes,
as illustrated in Fig. 4.19. In the meantime, the gain coefficient of the inter-modal SBS
is smaller than the intra-modal case. This decrease in the gain coefficient originates from
the reduced overlap of the optical modes and the acoustic mode, as indicated by Eqs. 4.77
and 4.79. From the simulated gain spectra, we can also find some minor gain peaks adjacent
to the dominant peaks, which can be attributed to the acoustic modes yielding insignificant
field overlap with the optical modes.
Based on the above discussion and numerical analysis, we theoretically predict for the
first time inter-modal backward SBS in an integrated photonic circuits. Due to the fact that the
pump and Stokes waves occupy spatially-orthogonal modes, inter-modal SBS can allow for
SBS applications in circulator-free photonic circuits, as well as enhance the signal processing
performance by reducing the pump-Stokes cross talk. These intriguing advantages motivate
the work in Section 7 in this thesis, to achieve high-performance integrated processor using
on-chip backward inter-modal SBS.
4.5 On-Chip SBS for MWP Applications
Prior to the recent advent of on-chip SBS, fiber-based SBS was extensively explored for a
wide collection of applications, such as Brillouin lasers [283, 386–392], RF phase shifters
[140, 298–300], RF filters [130, 131, 265], delay lines [97–99, 296, 297, 301, 302], RF
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oscillators [152, 393, 394], pulse compression [346, 347, 395] and sensing [285–294]. On-
chip SBS is not only able to inherit these well-developed functionalities and applications, but
also exhibits significantly reduced footprint, enhanced environmental stability, and increased
efficiency (by three orders of magnitude) relative to fiber-based SBS [22, 110, 183, 251, 329,
396].
This section presents the recent progress in applications of on-chip SBS, with the empha-
sis on advanced integrated microwave photonics (IMWP) processing. A typical link topology
of MWP subsystems using on-chip SBS is shown in Fig. 4.21.
EDFA
Brillouin Photonic Chip
Modulator
Probe laser
RF
Output
Photodetector
RF Input
SBS waveguide
Pump laser
 Circulator Circulator
Power
meter
Figure 4.21: Schematic of a typical architecture for an MWP subsystem
using on-chip SBS. Based on the MWP link structures introduced in Chapter
2, an amplified pump laser is used to induce the SBS process in the integrated
Brillouin waveguide. The counter-propagating pump signal is injected in to
the Brillouin circuit through an optical circulator. EDFA: erbium-doped fiber
amplifier.
On-Chip SBS for Microwave Photonic Filters
One of the most important applications of on-chip SBS is achieving high-resolution, flexi-
ble and tunable MWP filters. The narrowband spectral response of SBS perfectly matches
the resolution requirement of RF and microwave signal processing, which is challenging for
conventional optical devices. On the other hand, integrated photonic circuits allow for the
precise control and manipulation of SBS response, enabling a new paradigm for signal pro-
cessing. For Brillouin-based MWP filters, on-chip SBS is used to provide optical responses
which can be combined with the MWP filter schemes discussed in Section 3.3.
The one-to-one spectral mapping of SBS responses to the RF domain has been widely
accepted to implement MWP filters [135]. However, it becomes extremely challenging to
achieve high filter extinction, as a high filter selection requires high pump powers (hundreds
of mW or even higher) which can easily exceed the power handling of photonic circuits. To
circumvent this issue, a novel selective-RF -cancellation technique was proposed, achieving
anomalously high filter extinction (> 50 dB), while only using few dB SBS gain [60]. The
basic principle of this technique is can be found in Fig. 3.3.2. As shown in Fig. 4.22(a),
on-chip SBS is utilized to produce a small gain, to locally match the amplitudes of two
unbalanced and out-of-phase sidebands. Once the perfect destructive interference is met at
a specific frequency, an ultra-high rejection notch filter is formed. In this sense, the filter
extinction is decoupled from the SBS gain, essentially independent of the pump power. As
discussed in Chapter 3, this filter scheme suffers from the excessive RF insertion loss, due
to the broadband destructive interference. This issue can be solved by using the MWP filter
schemes proposed in 3.3.3, which will be experimentally demonstrated in Chapter 6.
Another approach to leveraging small SBS gain for high-extinction filters is shown in
Fig. 4.22(b). A small SBS gain response is able to break the perfect cancellation condition
produced by phase modulation. Therefore, there remains a certain level of signal power at
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(a)
(b)
(c)
Figure 4.22: (a) A MWP notch filter using on-chip SBS gain and selective
cancellation technique. Compared to the conventional mapping method, this
approach can achieve a filter rejection of > 50 dB, only using small SBS gain.
For demonstration of both resolution and rejection, this filter is able to filter
the strong unwanted signal located very close to the signal of interest [60].
(b) MWP bandpass filters using on-chip SBS. Through breaking the cancel-
lation condition, small SBS gain can produce an anomalous high extinction
[261]. Broadband passband can be achieved using SBS gain response tailor-
ing [136]. (c) In the PPER configuration, the acoustic wave emitted from the
emitter waveguide modulates the signal in the receiver waveguide, resulting
a bandpass filtering response [333].
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the processed frequency. However, other unprocessed frequency component still undergo the
cancellation effect. This principle leads to the narrow bandpass filters [261] and broadband
bandpass filters [136].
Recently, an integrated silicon photonic-photonic emitter-receiver (PPER) [332] device
demonstrated a novel way to produce high-performance bandpass filters [333], through har-
nessing on-chip SBS and novel circuit design. As shown in Fig. 4.22(c), the key idea is
that the SBS-induced acoustic wave can transmit to an adjacent waveguide and modulate the
signal. As a result, the modulated signal will produce optical sidebands that preserve the
acoustic responses, enabling a filter extinction and high MWP linearity. A less obvious but
important advantage is the spatial separation of transmitter and receiver, which can poten-
tially minimize the cross talk and noise from the pump wave.
However, in the current filter demonstrations, the most common issue is the relatively-
high RF insertion loss (link loss), due to the filter scheme or the conversion efficiency (for
the PPER configuration). Thus, new schemes are desired to address this stringent issue.
On-Chip SBS for Microwave Photonic Phase Shifters
The intrinsic narrowband phase response of SBS is of great interest for implementing mi-
crowave photonic phase shifters, to provide a phase shift over a broad RF frequency range.
One efficient approach to achieving this functionality is to solely change the phase of the
optical carrier, without affecting the signals carried by the optical sidebands. In this configu-
ration, the phase shifter is required to provide a high-resolution localized phase response.
The intrinsic narrowband phase response of on-chip SBS is promising for a phase shifter,
along with amplification. As shown in Fig. 4.23 (a), the phase shift imparted on the optical
carrier can be tuned by detuning the SBS pump frequency with respect to the optical carrier
frequency. Alternatively, fixing the pump frequency but varying the pump power will also
provide a different phase shift [108]. Similarly, the phase response of the SBS loss resonance
at the anti-Stokes frequency can also be used for the phase shift Fig. 4.23 (c).
(d)
(e)
Figure 4.23: The schematic of MWP photonic phase shifters based on (a)
SBS gain , (b) SBS loss and (c) gain-loss balance [141]. The amplitude
(d) and phase shift (e) responses of the on-chip Brillouin-based MWP phase
shifter, using gain-loss compensation [141].
However, the phase response of SBS is accompanied by the amplitude variation, which
will alter the RF signal power. An improved Brillouin phase shifter scheme was introduced
to eliminate the power variations, during phase tuning operations on the optical carrier [140].
4.5. On-Chip SBS for MWP Applications 103
Table 4.2: Performance Comparison of Different On-Chip MWP Phase
Shifter.
On-chip scheme Max phase
shift
(degree)
Required frequency
tuning for max.
phase shift (GHz)
Effect on
signal
power
Amplitude
fluctuation
(dB)
SBS [141] 240 0.03 Gain <1.5
Si Ring [142] 360 >10 Loss >10
Si3N4 Ring [103] 360 ∼2 Loss >10
Bragg grating [105] 360 80 Loss >2.5
Si waveguide [397] 360 None Loss NA
The key idea of this scheme is using the SBS loss resonance to compensate the carrier am-
plification induced by the SBS gain resonance, as shown in Fig. 4.23 (c). In the meantime,
the SBS phase response induced by each pump will add up constructively, forming an en-
hanced phase shift. This optimized scheme was achieved in a As2S3 photonic chip [141],
reducing the footprint from kilometers-long optical fibers to centimeter-scale photonic chips.
As shown in Fig. 4.23 (d) and (e), the chip-based Brillouin MWP phase shifter exhibits a
flat amplitude response when the phase shift is varied. A maximum phase shift of 240◦ was
achieved, which is constrained by the power handling of the photonic chip.
We compared the key performance of the chip-based Brillouin phase shift to previously
reported on-chip MWP phase shifters based on different devices, as shown in Table 4.2. The
on-chip Brillouin phase shifter only requires a small frequency tuning range of ∼ 30 MHz
to achieve a phase shift tuning to the maximum, in contrast to the frequency tuning range of
several GHz when using silicon resonators [142], Si3N4 ring resonators [103], Bragg gratings
[105] and silicon waveguides [397]. The Brillouin-based phase shifter can provide signal
gain, instead of introducing losses which occurs in schemes based on ring resonators and
gratings. Moreover, the simultaneous use of SBS gain and loss responses can achieve a lower
amplitude fluctuation of 1.5 dB, when RF phase is varied [141]. In contrast, other schemes
summarized in Table 4.2 exhibit much larger amplitude fluctuations. However, the maximal
phase shift is limited by the available on-chip SBS gain. This issue can be addressed using
the phase amplification technique [398].
On-Chip SBS for Microwave Photonic Delay Line
In contrast to the phase shifters where SBS only imparts a phase shift at a single frequency,
the dispersive phase response of SBS can be applied to the signal spectrum that consists of a
range of frequency components, to generate the relative time delay. The principle has been
discussed in Chapter 2. SBS is preferably used to implement on-chip delay lines, as SBS
enables continuous tuning, less structure complexity and signal amplification [90, 99].
The first demonstration of on-chip Brillouin-induced time delay was achieved on an in-
tegrated As2S3 photonic waveguide with a length of 7 cm [107], using a single-frequency
optical pump. A 25-ns-long optical Gaussian pulse was generated and inserted at the center
frequency of the SBS gain resonance. The on-chip SBS enabled a maximum relative time
delay of∼ 22 ns, under an optical pump power of ∼ 300 mW, as shown in Fig. 4.24(a). An
optical pulse with a longer period of 100 ns shows less pulse broadening and distortion, due
to the narrow signal spectrum, as shown in Fig. 4.24(b).
The RF photonic implementation of the on-chip Brillouin-based delay line can also be
achieved, using the SBS resonance to process the optical sideband of a modulated optical
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(a)
(b)
(c)
(d)
s
Figure 4.24: Measured results of on-chip Brillouin-based MWP photonic
delay lines based on (a) SBS gain resonance, (b) SBS loss resonance [107].
(c) Measured MWP filter responses based on a two-tap topology. The time
delay in one of tap is controlled by SBS-based on slow light effect [108]. (d)
Measured responses of a true-time delay line using SBS-based phase shifts
and time delay [108].
signal. The on-chip implementation of RF photonic delay based on SBS was recently demon-
strated in an integrated 24-cm-long As2S3 waveguide with on/off gain of up to 52 dB gain
[108]. Such a high level of the SBS gain provides the capability for broadband time delay, by
distributing the SBS gain over a wide frequency range. By embedding the delay line in a two-
tap topology, the FSR change indicates a time delay of ∼ 4 ns over a frequency range of 100
MHz, as shown in Fig. 4.24(c). Fig. 4.24(d) depicts the independent control of the carrier
phase, showing the potential to achieve an on-chip true-time delay (TTD) sub-system based
on the separate carrier tuning technique [399]. TTD is an important technique to avoid the
radar beam squint issue [80]. This on-chip true time delay device shows a comparable per-
formance to the previous demonstration in optical fibers [400], but it provides unprecedented
compactness.
Compared to on-chip delay lines based on ring resonators [111], gratings [250], and
photonic crystals [101], Brillouin-based delay lines enable signal gain rather than loss, as
summarized in Table 4.3. More strikingly, SBS provides a flexible approach to processing
both narrowband and broadband signals, while other schemes can only process broadband
signals. To achieve a longer time delay that is critical for broadband and wide-angle beam
steering applications, further efforts need to be taken to improve the performance, especially
under a limited power budget.
On-Chip Brillouin-based Microwave Source
The inherent nature of gain resonance and narrow linewidth makes SBS an ideal gain medium
for signal oscillation, without requiring additional doped materials. SBS is particularly of
interest for microwave signal generation, due to the GHz-level acoustic frequency. Through
embedding the SBS process in an ultra-high-Q on-chip silica optical cavity, a compact and
narrow-linewidth Brillouin laser can be achieved, producing multiple spectral lines due to the
cascaded SBS process [149]. As shown in Fig. 4.25(a), via photodection, the beat note of the
first-order and the third-order laser lines is able to generate a high-purity microwave signal at
21.7 GHz, i.e. two times of the Brillouin frequency shift in silica. Paired with the ultra-high-Q
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Table 4.3: Performance Comparison of Different On-Chip Delay Lines.
On-chip scheme Max timedelay (ns)
Bandwidth
(GHz)
Effect on signal
power
SBS [107] ∼22 ∼0.03 Gain
SBS [108] ∼4 >0.1 Gain
Raman [92] 0.004 >100 Gain
Si Ring [111] 0.135 ∼ 10 Loss
Si3N4 Ring [103] 0.54 ∼ 1 Loss
Bragg grating [250] 0.009 >100 Loss
Photonic crystal [101] 2.31 Broadband Loss
cavity, this SBS-based microwave synthesizer demonstrated a record-low phase noise of -160
dBc/Hz (at RF frequency offset of 100 MHz). Using frequency dividers, the low-frequency
phase noise can be further suppressed. Meanwhile, the synthesized microwave frequency
can be boosted beyond 100 GHz, by selecting pump wavelength and combining high-order
Stokes lines [149]. High-performance SBS-based microwave synthesizers are promising to
be achieved in COMS-compatible platforms, enabled by recent progress in on-chip SBS
lasers in hybrid Si-As2S3 [207], Si3S4 [326, 328] and Silicon photonic circuits [220].
(a)
(b)
Figure 4.25: Chip-based Brillouin microwave signal generators based on (a)
SBS process in an ultra-high-Q silica cavity [149] and (b) SBS in the OEO
configuration [401]. Figures are reproduced from references[149, 401]
Recently, a high-performance optoelectronic oscillator (OEO) was demonstrated using
on-chip SBS [402], yielding significant improvements in terms of single-mode oscillation,
wide tunability (> 40 GHz) and low phase noise (< -100 dBc/Hz at RF frequency offset of
100 kHz), as shown in Fig. 4.25(b). The on-chip SBS gain is able to shorten the total cavity
length, resulting in an increased mode spacing in frequency domain. Therefore, the narrow-
band SBS gain can select only one cavity mode to oscillate. Equally important, the use of
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SBS eradicates the need of electrical filters that have very limited tuning range and high loss.
These level of performance can never be achieved using conventional OEO incorporated with
fiber-based SBS [152, 393, 394].
4.6 Conclusion
In this chapter, we present an overview of stimulated Brillouin scattering (SBS) and the ap-
plications. To understand the properties of SBS, we derive the widely-used scalar description
of SBS in optical waveguides with a dimension much larger than the acoustic wavelength.
The scalar-model of SBS is very useful to investigate the spectral response and spectrum
broadening effect. Inducing and harnessing the SBS process in centimeter-scale photonic
circuits has became one of the research mainstream of SBS. Due to the miniaturized waveg-
uide dimensions, waveguide boundary effects play an important role in the on-chip SBS
process. We introduce the full-vectorial description of SBS, which can provide a more pre-
cise way to investigate acousto-optic interactions and new scattering processes in micro/nano
waveguides. The vectorial model of SBS enables the first theoretical prediction of on-chip
backward inter-modal SBS, which forms the theory basis of the experimental demonstrations
in Chapter 7.
With numerous advantages such as high spectral resolution, signal amplification and
spectrum programmability, on-chip SBS has found widespread applications in integrated mi-
crowave photonics, as introduced in Section 4.5. The SBS gain response provides the desired
complementary amplitude response to compensate the amplitude suppression induced by the
ring resonator, as discussed in Chapter 3. This complementary optical response enables a
new MWP filter scheme that combines the filtering functionality and high link performance.
The introduction and mathematical derivations of SBS in this chapter lays the foundation of
the numerical study and experimental investigations in Chapter 6 and Chapter 7.
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Chapter 5
Gigahertz Optical Tuning of On-Chip
MWP Delay Lines
Rapid and continuous tunability of time delay of RF signals is critical for RF photonic beam-
forming systems. Recent developments in integrated photonics have enabled the realization
of integrated microwave photonic (IMWP) delay lines based on on-chip optical resonant de-
vices such as ring resonators. The tuning of signal time delay is typically achieved using the
slow thermo-optic effect. In this chapter, we introduce a phase amplification technique that
can control and switch RF time delay generated by integrated Si3N4 ring resonators with an
ultrafast tuning speed. We demonstrate seamless tuning and switching between time delay
and advancement at gigahertz speed without modifying rings’ properties. This phase ampli-
fication technique provides a compatible approach to enhancing the time delay induced by
on-chip SBS, which is also demonstrated in this chapter.
This chapter builds up on the concepts and principles presented in previous chapters. The
basics of MWP time delay can be found in Section 2.2.3. The principle of ring resonators is
discussed in Section 3.2. The detailed derivations of the phase amplification can be found in
Section 3.3.2. The principle of time delay using SBS responses can be founded in Section
4.2.4.
The contents in this chapter are based on the following publications:
• Y. Liu, A. Choudhary, D. Marpaung, and B. J. Eggleton, “Gigahertz optical tuning of
an on-chip radio frequency photonic delay line”, Optica 4, 418 (2017). [403]
• Y. Liu, A. Choudhary, D. Marpaung, and B. J. Eggleton, “Chip-based Brillouin Pro-
cessing for Phase Control of RF Signals”, IEEE J. Sel. Top. Quantum Electron. 54
(2018) (Review Paper) [110]
• Y. Liu, A. Choudhary, D. Marpaung, and B. J. Eggleton, “Gigahertz tuning of on-
chip RF photonic delay line”, in Conference on Lasers and Electro-Optics (CLEO),
SM1O.3 (2017). [404]
• Y. Liu, A. Choudhary, D. Marpaung, and B. J. Eggleton, “Delay amplification in a
broad-band Brillouin-based microwave photonic delay line”, in Photonics fiber tech-
nol. 2016 (ACOFT, BGPP, NP), Vol. 1 (2016), JT4A.5. [405]
• A. Choudhary, Y. Liu, B. Morrison, K. Vu, D.-Y. Choi, P. Ma, S. Madden, D. Marpaung,
and B. J. Eggleton, “High-resolution, on-chip RF photonic signal processor using Bril-
louin gain shaping and RF interference”, Sci. Rep. 7, 5932 (2017). [109]
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5.1 Introduction
As a key building block in the next generation of dynamic RF communication systems [37]
and phased-array antennas (PAAs) [81], IMWP delay lines are required to achieve fast and
continuous delay tunability for fast signal pointing [44–46]. Fig. 5.1 shows a conceptual
application scenario where ultrafast tuning of IMWP delay lines are needed. In radio ac-
cess networks, high-speed time-division multiplexing (TDM) signals sent from the central
office need to be delivered to multiple end users with lower-processing-speed and low-cost
receivers, through the remote antenna units (RAUs). For instance, if 10 Gbit/s TDM signals
are directed to 10 users, each user just needs to process a data rate of 1 Gbit/s. To support
the concurrent multiple point-to-point connections, the arrayed antenna in RAUs needs to
dynamically steer the data frames of TDM signals at a speed matched with the data symbol
time slot [112, 113]. To this end, the IMWP delay lines in RAU must have a tuning speed of
the order of sub-ns, i.e. gigahertz tuning capability.
Central
 Office
RF Photonic 
Signals
RAU in
Base Station
IMWP
Delay Array
End User
Low-cost
Receiver
PAA
Figure 5.1: The conceptual diagram of a typical scenario where ultra-fast
IMWP delay lines are needed to achieve ultrafast beam steering. In the radio
access network, the central officer send the high-speed time division multi-
plexing (TDM) data frames to multiple end-users through the remote antenna
units (RAUs) in base stations. The phased array antenna (PAA) in each RAU
directs the time slots of TDM data symbols to N mobile end-users. The
figure is reproduced from [112]
IMWP delay lines are preferably implemented based on the slow-light effect induced by
optical resonances. As discussed in Chapter 2, the dispersive optical responses can produce
signal group delay, with compact footprints of optical devices [47, 90, 406]. An on-chip
photonic delay line was demonstrated using sub-wavelength grating waveguides in silicon-
on-insulator (SOI), only offering discrete time delays [250]. A continuously-tunable MWP
delay line was reported based on SBS in an integrated photonic chip, however the intrinsic
response time of the SBS process limits the tuning speed to the order of ∼ 10 ns, governed
by the lifetime of acoustic waves [107, 108]. A controllable delay line based on a highly
dispersive photonic crystal waveguide was demonstrated to be a potential candidate for fully
integrated MWP system, however, the tuning speed was limited to the level of several mi-
croseconds, due to the slow frequency tunability of the optical source [101].
The fast tunability based on the complementary phase shifted spectra (CPSS) technique
shows the integration potential. As shown in Fig. 5.2, the input signal is equally split into
two complementary spectra using an optical delay interferometer (DI). The signal in the
lower arm is phase-shifted over a broad bandwidth using an optical phase modulator, while
the signal in the upper arm remains unchanged. After combining signals in two arms, the
resultant signal spectrum shows an approximately linear phase response. This linear phase
response can produce a flat group delay over a broad bandwidth. By altering the phase shift
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Figure 5.2: The schematic of a MWP delay line based on complementary
phase shifted spectra (CPSS) technique and the experimental results of RF
delay tuning. After being equally split, the phase of the signal in the lower
arm is shifted by 90◦. The combination of signals in two arms results in
linear phase shift over the signal bandwidth, while the amplitude exhibits
slight variations over the operating bandwidth. By tuning the phase shift in
the lower arm, the resultant phase shift slope can be altered, achieving the
tuning of the time delay. The result shows a tuning rate at 30 MHz. Figures
are reproduced from [112, 113]
in the lower arm at a high speed, the resultant phase slope, correspondingly the group time
delay can be tuned, at a speed of sub-ns. In the CPSS scheme, triangular-shaped spectral
filters are needed to obtain the complementary spectra as shown in Fig. 5.2. However, the
on-chip implementation of the CPSS scheme is hindered by the difficult realization of ideal
triangular-shaped spectral filters for the spectrum tailoring [112, 407].
Compact tunable time delay lines have been achieved employing the optical structural
resonance of integrated ring resonators [103, 104, 111, 249, 408, 409]. The on-chip ring-
based MWP delay lines are commonly arranged in a topology of side-coupled integrated
spaced sequence of resonators (SCISSORs) [399, 410], as shown in Fig. 5.3. Delay lines
based on integrated silicon ring resonator have been demonstrated to produce a time delay of
135 ps over a bandwidth of 10 GHz [111], as shown in Fig. 5.3(a).
(a)
(b)
Figure 5.3: Integrated delay lines based on (a) silicon ring resonators and (b)
Si3N4 ring resonators, together with results of time delay tuning.
With a much lower propagation loss, IMWP delay lines using 40 Si3N4 ring resonators
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were recently demonstrated, extending the time delay to 500 ps over a bandwidth of 10
GHz [249]. However, the tuning speed is still constrained by the slow thermal-optic effect,
resulting in a tuning speed of the order of milliseconds. Although these efforts towards
miniaturization are crucial for fully-integrated MWP processors, they bring the complexity in
the tuning the optical dispersion, which increases the requirements of device fabrication and
power consumption. Hence, new approaches to creating dynamically tunable MWP delay
lines from an otherwise passive optical device are desired, which is expected to facilitate the
widespread implementations of chip-based MWP delay lines.
In this chapter, the principle of realizing gigahertz-tuning MWP delay lines based on an
integrated Si3N4 device is introduced and experimentally demonstrated. The realization of
this chip-based MWP delay line relies on the concept of phase amplification. The phase am-
plification is implemented by the RF interference between a data signal and a reference signal
[60, 398] which can synthesize a larger phase shift in the microwave domain. The larger syn-
thesized phase shift results in an enhanced time delay of RF signals. In experiments, we
demonstrated that this technique enables the flexible switching between time advancement
and delay of RF pulses. We also demonstrated an ultrafast delay tunability at a gigahertz
tuning speed, solely by controlling the optical power. Finally, we applied the phase (delay)
amplification technique to the MWP delay lines based on SBS, achieving significant reduc-
tion of power consumption compared to conventional SBS-based delay lines.
5.2 Principle of Phase Amplification and Dispersion Control
The concept of phase amplification and its extended applications for broadband signals are
discussed in the following contents, forming the basis of the ultrafast tunable RF photonic
delay line.
(a)
(b)
Figure 5.4: Basic block diagrams of (a) a conventional MWP delay line and
(b) a MWP delay line with phase amplification. O-E: optical-to-electrical
conversion, E-O: electrical-to-optical conversion.
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5.2.1 Phase Amplification
The schematic configuration of a conventional tunable MWP delay line is shown in Fig.
5.4(a). An RF signal is modulated onto an optical carrier via electrical-to-optical (E-O)
conversion, and then processed by a photonic device which imparts dispersion-induced signal
group delay, i.e. τg = ∂φOR (ω)/∂ω, where φOR (ω) is the imposed phase response over the
signal frequency ω. One can see the induced phase response ϕdisp (ω) across the RF signal
spectrum is one-to-one mapped from the optical response, which indicates the group delay
of RF signal is consistently determined by the dispersion provided by the photonic device.
The phase response of a passive photonic device is not tunable, which can only offer fixed
and discrete group delay, while a tunable photonic device can be implemented at the expense
of increasing design and fabrication complexity.
In contrast to the conventional MWP delay line, in the tunable delay line based on phase
amplification shown in Fig. 5.4(b), an optically-controlled unit of phase amplification is
added to enhance the dispersion-induced group delay. By changing the optical power of the
control unit, a larger phase slope is synthesized, resulting in an enhanced group delay of the
RF signal through optical-to-electrical (O-E) conversion.
This method that allows for the phase-response amplification is based on a vector-sum
operation [179, 180], as shown by a phasor diagram in Fig. 5.5. The vector in solid black
represents a data signal A1cos(ωt + ∆ϕ ) at a frequency of ω, with an initial phase shift ∆ϕ
obtained from an optical resonance. Through a vector summation with a reference signal
A2cos(ωt+ pi ) illustrated by a vector in solid blue, a synthesized signal depicted by a vector
in solid red can be obtained, given by
Bcos (ωt + ϕ ) = A1cos (ωt + ∆ϕ ) + A2cos(ωt + pi ). (5.1)
Figure 5.5: Schematic illustrations of the operational principle of phase am-
plification technique.
From Fig. 5.5, it is clear to see that the phase shift ϕ of the synthesized signal is mag-
nified with respect to the initial phase response ∆ϕ of the data signal. The resultant phase
shift ϕ can be controlled by varying the strength of the reference signal amplitude A2. This
effect can be understood by examining the analytic expression of the synthesized phase re-
sponse. Following the mathematic derivations in Section 3.3.2, when considering a small
signal model where ∆ϕ is not significant, the synthesized phase response is given by
ϕ′ = G · ∆ϕ, (5.2)
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where the phase amplification factor G is expressed as
G =
1
1 − A2/A1 . (5.3)
According to Eq. 5.3, in the region of amplitude ratio A2/A1< 1, the resultant phase re-
sponse ϕ is enlarged from ∆ϕ, by G (>1) times. Therefore, by changing the amplitude A2
of the reference signal, i.e. the relative amplitude ratio A2/A1, the phase response of the
resultant signal thereby can be flexibly tuned, as schematically shown by dashed arrows in
Fig. 5.5.
Figure 5.6: Calculated (a) resultant phase shifts as a function of the initial
phase shift under different relative amplitude ratios. Enhanced phase shifts
in the region of (a) A2/A1 < 1 and (b) A2/A1 > 1, respectively. (d) The
contour diagram of the phase enhancement factor defined as the ratio of the
resultant phase shift and the initial phase shift.
The phase amplification process is numerically calculated, as shown in Fig. 5.6. In the
simulation, the relative amplitude ratio A2/A1 is swept in a range of from 0.8 to 1.2, and ini-
tial phase is varied from -30 degree to 30 degree. In the simulation, the choice of the initial
phase within ±30 degree is due to consideration of the small signal model used in Eq. 5.3.
As shown in Fig. 5.6(a), with such a small initial phase, the resultant phase exhibits obvious
enhancements, achieving large phase shifts exceeding 100 degree in some regions. In the
region where A2/A1 < 1, the phase enhancement is continuous, as a function of the initial
phase. In Fig. 5.6(b), the resultant phase responses under different amplitude ratio are pre-
sented, indicating that the phase enhancement is higher when the amplitude ratio approaches
unity. The phase enhancement shows a good linearity within a small initial phase range. In
the region of A2/A1 > 1, the resultant phase shows a discontinuity. This abrupt phase jump
between −pi and pi is attributed to the data presentation using the wrapped phase range of
[−pi, pi]. As discussed in Section 3.3.2, the phase response can be expressed in a continuous
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form using unwrapped phase, with a phase offset of pi. This pi phase offset is dominated by
the pi phase shift of the stronger reference signal. In this case, the unwrapped phase response
shows an opposite sign of the phase slopes, compared to the phase slopes in the region of
A2/A1 < 1. Fig. 5.6(d) shows the contour diagram of the phase shift enhancement factors
under different conditions. The phase enhancement becomes stronger, when the amplitude
ratio approaches unity. However, this strong phase enhancement is achieved at the cost of the
amplitude attenuation of the resultant signal, which will be discussed in the later part of this
chapter.
The idea of phase-response amplification at a single frequency can be extended to a
broadband frequency range. In Fig. 5.7, the black line shows the phase response induced
by an optical ring resonator operated in the under-coupled (UC) regime where the coupling
losses are less than the internal losses of the resonator, with an intrinsic quality factor (Q)
of 1×106, which approximates the performance of the optical resonator we used in the ex-
periments. In UC region, the optical resonator has dispersive phase shifts over the resonance
frequency range. The phase shift depicted by the black dot is enhanced by the phase ampli-
fication method to a larger phase denoted by the red dot. Similarly, the phase amplification
can occur at each frequency component within the optical resonance. Thus, by extending this
principle across the frequency range around the resonance, the dispersion will be enhanced
to achieve a larger phase slope, as shown by the red curve, resulting in an improvement in
the signal group delay
τ′g = G · τg (5.4)
Figure 5.7: Schematic illustrations of the operational principle of dispersion
enhancement from an initial dispersion induced by an optical resonance.
5.2.2 Broadband Dispersion Control
With this scheme, we demonstrated the activation of tuning the signal group delay by solely
varying the strength of the reference signal. We implemented the technique with a dual-
sideband modulation where two signals were generated for vector summing, by the mixing
of sidebands and the optical carrier. As shown in Fig. 5.8(a), an optical carrier is modulated
by RF signals, generating two intrinsically out-of-phase (pi phase difference) optical side-
bands for the data signal and the reference, respectively. The optical upper sideband acquires
a phase shift ∆ϕ imparted by the optical resonance over the signal spectrum, while the lower
sideband serves as the reference signal with a constant pi-phase offset. The amplitude of the
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lower sideband is tuned by an optical filter, to implement different amplitude ratios A2/A1.
After signal mixing of the optical carrier and dual sidebands based RF interferometry via
photodetection, a resultant RF signal is synthesized with an enhanced dispersion across the
signal spectrum. The tuning of the amplitude ratio A2/A1 results in a tunable phase amplifi-
cation factor G.
(a) (b)
Figure 5.8: (a) Schematic implementation of dispersion control based on the
phase-response amplification, using dual-sideband phase modulation. (b)
Simulation results of synthesized phase response with various amplitudes of
the reference signal. The phase slope flips when the amplitude ration changes
from A2/A1< 1 to A2/A1> 1.
Simulation results for investigating the feasibility of this technique are shown in Fig.
5.8(b). In the simulations, a cascade of three under-coupled ring resonators, representing the
experiment described below, is utilized to broaden the operation bandwidth for the phase am-
plification. The black trace shows the initial phase response on the upper sideband induced by
the optical resonance, while the red and blue curves represent the enhancement of the syn-
thesized dispersion, with operations under the condition of the amplitude ratio A2/A1< 1.
Importantly, when operating in the regime of A2/A1> 1, the phase slope of the synthesized
dispersion flips to the opposite sign, indicating the switching between negative and posi-
tive signal group delay. Note that the RF signal delay is manipulated by solely controlling
the lower sideband power, without tuning the actual optical resonators. This optical tun-
ing scheme can eliminate the use of ultrafast tuning elements for on-chip delay devices and
potentially provide an easier way to increase the delay tuning speed.
Fig. 5.9(a) depicts the experimental setup to demonstrate the phase amplification tech-
nique for dispersion control. An optical carrier from distributed feedback (DFB) Laser (Ter-
axion Pure Spectrum λ=1550 nm) was modulated by RF signals driven by a vector network
analyzer (VNA, Agilent PNA 5224A) via a phase modulator (PM). The PM is used to gen-
erate the pi phase difference for dual sidebands, while the unbalanced sideband amplitudes
controlled by post processing will result in the intensity modulation. The modulated light
was then fed to three cascaded UC rings fabricated using low loss TriPleX (Si3N4/SiO2)
technology [179, 180]. Each ring has a free-spectral range (FSR) of 26 GHz and an intrinsic
Q of ∼1×106 (a 3-dB linewidth of ∼200 MHz), and exhibited a low propagation loss of ∼0.1
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(a)
(b)
Figure 5.9: (a) Schematic of the experimental setup to confirm the working
principle of the phase amplification technique. PM, Phase Modulator. PD,
Photodetector. VNA: Network Analyzer. Qualitative optical spectra denoted
by red points are shown above the setup diagram. (b) Experimental results of
synthesized phase response with various amplitude ratios. Notably, the phase
slope flips when the amplitude ratio changes from A2/A1< 1 to A2/A1> 1.
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dB/cm. The chip was equipped with on-chip tapers, leading to 7.5 dB fiber-to-fiber insertion
loss. The amount of coupling, and hence the Q-factor and rejection of the ring resonator can
be tailored through thermo-optic tuning, implemented using on-chip chromium heaters.
For the demonstration, we set the rings to UC state around 10 GHz away from the opti-
cal carrier frequency, and arranged the resonance frequencies with an equal interval of ∼ 100
MHz to broaden the 3-dB bandwidth up to ∼400 MHz with a rejection of 5 dB. Subsequently,
the upper sideband was then processed by these optical resonances. A programmable opti-
cal filter (Finisar 4000s) was utilized to control the amplitude of the lower sideband. This
can also be done by utilizing an IQ modulator that enables independent control of the am-
plitude and the phase. The processed optical signal came out of the photonic chip, and was
detected by a high-speed photodetector (PD, u2t XPDV2120). By mixing of the processed
sidebands along with the optical carrier via photodetection, the synthesized phase response
in the RF spectral domain was acquired by the VNA, as shown in Fig. 5.9(b). An ampli-
fication factor G of 3 was obtained with A2/A1< 1, while the slope flipped to the opposite
sign when A2/A1> 1, as expected from the simulation results shown in Fig. 5.8(b). These
changes in measured phase slope indicate a flexible tunability of the signal group delay,
which needs to be experimentally verified with real RF signal delay.
5.3 Gigahertz-Speed RF Delay Tuning using On-Chip Si3N4 Rings
5.3.1 Optical Tuning of the Signal Delay
Based on the dispersion control, here we performed a demonstration of MWP signal delay
with flexible tunability, using the setup shown in Fig. 5.10. In the experiment, we emulate a
scenario where a tunable MWP delay line works at 10 GHz within the X-band (8-12 GHz)
which is a frequency range for extensive microwave applications, such as satellite commu-
nications, radars and space communications. RF pulse trains (a baseband RF signal with a
width of ∼3 ns, and 20 MHz repetition rate) were generated from an RF signal source (Tabor,
WS8352), and then up-shifted to 10 GHz by mixing with an RF carrier at 10 GHz from a
local oscillator via a frequency mixer. The up-converted RF signals centered at 10 GHz were
modulated onto an optical carrier via a PM, generating two out-of-phase sidebands. The
modulated optical signal was then processed by the optical filter and the photonic chip, as
described above with Fig. 5.9(a).
Figure 5.10: Schematic of the experimental setup to demonstrate tunable RF
signal delay based on the phase amplification technique. PM, Phase Modu-
lator. PD, Photodetector. LO: Local Oscillator. Qualitative optical spectra
denoted by red points are shown above the setup diagram.
After the photonic delay line, the detected RF signal was down-shifted from 10 GHz to
the baseband, and monitored on a low-speed oscilloscope. One can note that the frequency
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bandwidth of the ∼3 ns signal pulse is ∼340 MHz which can fit within the bandwidth of
∼400 MHz provided by the cascade of three optical ring resonators. This scheme can be
used for the delay enhancement for RF signals with broader bandwidths and different center
frequencies.
(a)
(b)
Figure 5.11: Experimental results of (a) pulse delay enhancement and (b)
switching from negative delay to positive delay, along with corresponding
spectra.
When operated in the region A2/A1< 1, as shown in Fig. 5.11, the RF pulse in purple
trace using phase amplification shows an evident enhancement in time delay, in contrast to
the delay signal in red trace without time delay magnification. The dispersion enhancement
allows for a group delay magnification from -440 ps to -1110 ps with an amplification factor
G of ∼3, as indicated by the corresponding measured phase responses. For the comparison
of the group delay, an RF pulse without time delay is shown by the black trace. It should be
noted that the negative time delay is determined by the sign of the phase slope.
We achieved the flexible switching between negative group delay (signal advancement)
and positive group delay, by changing the amplitude ratio to the region A2/A1> 1. As shown
in Fig. 5.11(b), the pulse indicated by the blue trace switches to positive group delay (+1570
ps) from signal advancement (-400 ps), which results from the change in the sign of the syn-
thesized phase slope imparted on the RF signal spectrum. From the phase response diagram
in Fig. 5.11(b), the positive group delay can be tunable when the RF signal undergoes a dif-
ferent positive phase slope in yellow trace. The switching of delay can be explained by the
change in the sign of amplification factor G, when the amplitude ratio varies from A2/A1< 1
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to A2/A1> 1. We note that the symmetry of the phase responses originates from the disper-
sive response imparted by optical resonances, and the phase amplification is transparent to
the chirp of modulated RF signals as the relative phase offset of two sidebands are fixed.
5.3.2 Gigahertz Tunability
We proceed to demonstrate that the phase amplification technique enables rapid tunability,
which is a striking performance feature for MWP systems, such as cognitive RF systems
where rapidly adjustable MWP components are required.
We evaluated the tuning speed by measuring the change of the synthesized phase shift
at a single frequency, using the method based on a phase detector [411] that can convert the
phase change into a voltage signal. A commercial IM was adopted as a rapid-responding
optical attenuator to replace the tunable optical filter, which radically improves the tuning
speed. The IM was driven by a train of square RF signal generated by an RF source (Tabor,
WW1281A), which can control the optical power of the reference branch. As shown in Fig.
5.12, the optical waves for data signal and the reference signal were separately generated
from two different DFB lasers before being modulated by a PM. A fiber Bragg grating was
used to select both carriers, the lower sideband of the reference signal, and the upper sideband
of the data signal, as indicated by the schematic spectrum in Fig. 5.12. As a result, the RF
beating signal of two branches was still inherently kept out-of-phase. After being processed
by the ring resonances to impart initial dispersion, the two SSB signal were then mixed in
the PD to implement RF interferometry, following the principle of the phase amplification
approach.
Figure 5.12: Schematic of the experimental setup for to demonstrate the
high-speed tuning performance. IM, Intensity Modulator. PM, Phase Mod-
ulator. PD, Photodetector. LO: Local Oscillator. Qualitative optical spectra
denoted by red points are shown above the setup diagram.
We evaluated the tuning speed by measuring the change of the synthesized phase shift
at a single frequency. Square RF pulse trains were utilized as a gate signal to generate a
binary power level of the reference branch. A single frequency RF signal cos (ωt + ϕ0 ) was
generated from a LO (HP, 8673H) to modulate the optical carriers. After the phase amplifica-
tion process, an RF signal cos (ωt + ϕ1) with a synthesized phase response ϕ1 was obtained.
A frequency mixer served as a phase detector [411] that can convert the phase difference
(ϕ1 − ϕ0) of two RF signals into voltage signal V =cos (ϕ1 − ϕ0) which was displayed on
the oscilloscope, as shown in Fig. 5.12.
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Figure 5.13: Measured oscilloscope signals for the demonstration of the
rapid tuning. The gate signal drives the phase switching that is reflected
by the converted voltage indicated by the synthesized signal.
A gate signal with a duty circle of 50% and repetition rate of 100 MHz was used to
achieve the switching between two discrete synthesized phase responses, leading to a time-
variable voltage signal that results from the phase difference. From Fig. 5.13, the converted
voltage signal denoted by the blue dotted line can dynamically follow the variations of the
gate signal depicted by the solid red curve, which indicates that the tuning speed of the syn-
thesized phase response is dominated by the dynamic power control via the high-speed IM.
Since the rise time and fall time of the gate signal is below 1 ns, the dynamic tuning speed ex-
perimentally achieved beyond 1 GHz. It is potentially expected to be as high as tens of GHz,
by using a faster driven RF signal and high-speed IM. We compared the tuning speed of this
work to other state-of-the-art tuning schemes for RF and MWP applications, as summarized
in Table. 5.1. The scheme we proposed shows a distinct advantage over other report work
based on micro-electro-mechanical systems (MEMS) devices [412], laser frequency tuning
[413], thermal tuning [273], spatial light modulator (SLM) [414] and electric switches [415],
with a much faster speed by 4∼5 orders of magnitude. The tuning speed can be further im-
proved to be comparable with the report work based on PM [53, 416]. For this reason, there
is a potential to develop rapidly tunable MWP delay lines.
Table 5.1: Tuning Speed Comparison of Reported MWP Tuning Schemes.
Tuning schemes Response time Functionality
IM (this work) < 1 ns Delay line
PM [53] <1 ns Filter
Plasmonic modulator [238] <1 ns Phased array feeder
PM [416] ∼40 ns Filter
Electric switches [25] ∼100 ns Delay line
MEMS RF devices [412] 1∼300 µm Phase shifter et al
Laser frequency tuning [413] ∼100 µm Filter
Thermal tuning [273] ∼170 µm Filter
SLM [414] 5∼30 ms Delay line
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5.3.3 Performance Discussion
Here we discuss the time delay performance of this tunable MWP delay line based on phase
amplification. From the complex plane in Fig. 5.5, the maximum amplified phase shift is
constrained to ±pi by the principle of vector-sum operation. This limit implies a larger group
delay of half the signal pulse length according to τg = ϕmax/B(ω), where B(ω) is the
bandwidth of a transform-limited signal, in comparison with the maximal time delay offered
by a maximum phase shift of ±12pi in ref [113].
(a) (b)
Figure 5.14: Simulation results for the analysis on the phase amplification
capacity. (a) Synthesized phase response as a function of the phase input, un-
der different amplitude ratios A2/A1. (b) Amplification factor as a function
of the amplitude ratio A2/A1, under different initial phases.
For the tunability, the performance can be flexibly tuned through varying the amplitude
ratio, achieving desirable amplification factor G. From the numerical analysis shown in Fig.
5.14, overall, the output phase responses are obviously enhanced, compared with the re-
sponse when A2/A1= 0 which indicates no phase amplification. Small phase shifts can be
significantly amplified with a good response linearity. The increase in the amplitude ratio
results in a magnified phase output, while the linearity of the phase amplification begins to
degrade at a ratio of 0.6. For the amplitude ratio above 0.6, although the phase response
shows a saturation behavior when the input phase shift increases, it keeps a good linearity
with an input less than 10 degrees. From Fig. 5.14(b), the smaller phase input can obtain a
larger G, when applying the same amplitude ratio.
It is worth noting that this scheme also introduces inevitable signal loss for the synthe-
sized RF signal, as partial destructive RF interference always occurs. As shown in Fig. 5.15,
the absolute group delay increase to peak values when the amplitude ratio approaches to 1,
while the amplitude of the delayed RF pulse trends to descend to a minimum. This can be
explained by considering that stronger destructive RF interference occurs when the ampli-
tude ratio is close to 1. However, this signal cancellation can be avoided by operating in the
region away from this critical point, and the reduced signal is easily compensated by using
a conventional RF amplifier. Considering an attenuation of 10 dB in the peak power of the
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signal pulses for practical applications, the bounds of operation region are A2/A1= 0.75 for
negative signal delay and A2/A1= 1.25 for positive signal delay, respectively.
Figure 5.15: Simulation results for analysis on the RF signal loss and syn-
thesized group delay as a function of amplitude ratio. Parameters used in the
simulation are based on those used in experiments. The pulse width is 3 ns.
Due to the radical functionality separation of power control from the dispersion, this
phase amplification method provides a general method to manipulate MWP signal group
delay, which is compatible with other types of delay lines based on dispersive optical res-
onances, such as integrated Bragg gratings [250] or on-chip stimulated Brillouin scattering
(SBS) [330]. Furthermore, this scheme has the potential to achieve separate carrier tuning
(SCT) [399] for true time delay (TTD) [417], through additional control of the phase shifts
of the two optical carriers.
5.4 Enhancement of SBS-based MWP Delay Lines
In the above discussion, we demonstrated the phase/delay amplification for an IMWP de-
lay line based on dispersion generated by the linear optical effect, i.e. the structural optical
resonance provided by integrated Si3N4 resonators. But for the future development and ap-
plications, one important and technically interesting question is: can this technique provide a
general and compatible method to enhance the MWP delay lines based on nonlinear optical
effects such as SBS? This question is answered below:
Proof-of-Concept Demonstration
As discussed in Chapter 4, IMWP delay lines based on on-chip SBS is capable of gener-
ating large time delay up to a few ns even 10s ns. However, such a long time delay can
only be obtained in a really narrow bandwidth, typically ∼ 30 MHz. This prevents its com-
plete implementation in broadband radio-frequency (RF) systems. For the sake of achieving
broadband RF signal delay, the pump has to be spread over several GHz bandwidth, while
the delay will reduce dramatically. Moreover, the performance of the phase shift and time
delay is strictly dependent on the strength of the pump power applied to the optical carrier or
sidebands. To achieve a large shift and a long time delay, a very high pump power is required
to induce strong on-chip SBS, typically more than 300 mW [107, 108]. However, such a
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high power level is incompatible with RF systems with low power budgets. Moreover, the
high pump power will induce excess amplified spontaneous noise in the SBS gain process.
In this context, to enhance the time delay under a limited power budget, we investigated the
feasibility of delay amplification for SBS-based MWP delay lines.
(a) (b) (c)
Figure 5.16: (a) Schematic of the realization of the Brillouin-based RF de-
lay line with time delay enhancement based on the phase shift amplification
technique. A broadened optical pump is used to generate a broadband phase
response covering the upper sideband. After the signal mixing of the two
sidebands and the optical carrier in photodetection, an enhanced dispersion
is synthesized, which results in a magnified time delay of the RF signal. Sim-
ulations of (b) the relative amplitudes of two sidebands and (c) the compari-
son between the initial SBS-gain-induced phase response and the amplified
phase response.
To implement the timed delay amplification scheme in a Brillouin RF delay line, a refer-
ence signal with a pi phase inversion is required to interfere with a signal to be delayed. As
shown in Fig. 5.16(a). The RF signal carried by upper optical sideband experiences the dis-
persion imparted by a broadened SBS gain resonance and acquires a relative phase response.
Meanwhile, the lower sideband serves as a reference signal, without obtaining any phase
shift. This sideband tailoring process is depicted by the simulations shown in Fig. 5.16(a)
and (b). The red trace indicates the upper sideband amplitude that experiences SBS gain res-
onance, while the black dashed curve represents the out-of-phase lower sideband. After the
mixing of these two signals, the resultant RF phase slope becomes larger than that initially
produced by SBS.
Figure 5.17: Schematic illustration of the experimental setup. PM: phase
modulator, PD: photodetector, LO: local oscillator.
A proof-of-concept demonstration of RF time delay enhancement was reported in a 1.6-
km-long single mode optical fiber as the SBS medium. The setup to demonstrate the principle
of delay amplification is shown in Fig. 5.17. In this experiment, RF pulse trains (with a pulse
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width of 2 ns, and a repetition rate of 20 MHz) centered at a frequency of 10.1 GHz is
modulated on to an optical carrier through the phase modulation which can generate two
inherently out-of-phase sidebands. A waveshaper (Finisar 4000s) is utilized to control the
amplitude of the lower sideband as schematically indicated in Fig. 5.17. To generate an
initial time delay as a benchmark, the upper sideband experiences dispersion induced by
the broadened SBS gain resonance (∼ 2 dB gain over 400 MHz bandwidth) provided by a
broadened optical pump. The SBS-induced phase response is shown by the dark blue trace
in Fig. 5.18.
Figure 5.18: Experiment results of (a) the enhanced phase responses over
a frequency range of 400 MHz, compared to the initial Brillouin-induced
phase response. (b) Enhanced time delay of an RF pulse by the phase am-
plification technique, in comparison with the RF pulse only using SBS gain
response.
By mixing the reference signal (the lower sideband) with the processed upper sideband,
the dispersion imparted on the synthesized RF signal is magnified by a maximum amplifi-
cation factor of ∼ 7, as shown in Fig. 5.18(a). The degree of amplification can be tuned by
controlling the strength of the reference signal, according to Eq. 5.3. This magnified dis-
persion will give rise to an enhanced time delay of the detected RF signal, as shown in Fig.
5.18(b). In the experiments, the time delay of the RF pulse was enhanced to ∼ 630 ps from ∼
90 ps (only using SBS gain response). Besides amplifying the time delay, this approach also
enables the signal advancement induced by the SBS loss resonance, which indicates more
flexible tuning for time delay and advancement. It is worth noting that the phase amplifica-
tion factor depends both on amplitude and the phase of the original signal. In Fig. 5.18(a),
the amplification of the phase response exhibits a nonlinear response resulting from the lack
of perfectly flat amplitude response of the broadened SBS gain applied to the original signal.
More linear phase response and fewer distortions of the delayed signal can be achieved by
optimizing profile of the broadened SBS gain response through controlling the optical pump
arrangement.
In order to justify the advantage of this technique, we performed calculations to compare
the optical pump power consumption of MWP delay lines with and without delay amplifica-
tion, as shown in Fig. 5.19. In the calculation, the SBS gain bandwidth is kept as 400 MHz.
From the slope of the curves, it clearly shows that the amplification-based scheme requires
much less optical pump power, to achieve the same time delay amount as the conventional
SBS-based MWP delay lines. Moreover, the smaller amplitude ratio of two sidebands en-
ables a larger amplification factor. As shown in Fig. 5.19(a) and (b), the ratio of 1.1 shows a
gain factor of ∼ 10, while the ratio of 1.2 exhibits a gain factor of 8. These results indicate
that the phase/amplification technique is feasible and compatible with the MWP delay lines
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based on SBS, with substantial benefit in significantly reducing the pump power consump-
tion. Although this technique comes with the cost of RF power loss as shown in Fig. 5.15,
the SBS gain can in turn compensate this side effect.
Figure 5.19: Comparison of time delay of schemes with and without using
the phase amplification technique, as a function of pump power. The ampli-
tude ratio is set as (a) 1.1 and (b) 1.2 for comparisons.
On-Chip Implementation
Although the proof-of-concept experiment was performed in fibers, this principle can also be
extended to SBS process on integrated photonic chips, such as Chalcogenide nano wires and
suspended silicon waveguides where there is a limited pump power budget to induce high
SBS gain. A preliminary implementation of the phase amplification technique on an As2S3
photonic chip was achieved, by engineering the Brillouin response. The experimental setup
is shown in Fig. 5.20(a), with an inset showing the footprint of the As2S3 photonic chip in
comparison with an Australian Dollar coin.
The experiment method is similar to the experiment process for the delay enhancement
discussed in previous sections. To make delay lines based on this concept to be practical,
the bandwidth of the on-chip SBS response was increased to 100 MHz through pump tai-
loring using an electrical comb modulated onto the SBS pump. The central frequency of
the SBS responses was set at 14.1 GHz apart from the signal optical carrier, resulting an RF
response of 14.1 GHz within the Ku band, which is of interest for satellite communications.
In experiment, we generated a broadband SBS gain of only < 3 dB, at a lower pump power
consumption of only ∼ 40 mW.
To verify the enhanced time delay, a 23-ns-long RF pulse was introduced into the band-
width of SBS response and the output pulse was measured onto an oscilloscope. The mea-
sured results of the pulse delay is shown in Fig. 5.20(b). The input pulse (black) was delayed
by ∼ 0.4 ns on only switching ON the SBS gain pump and switching off the lower sidebands.
This is the delay expected from a traditional SBS-based delay line for this level of optical
pump power. In contrast, switching the lower sideband increases the pulse delay by almost
an order of magnitude to 2.4 ns, which is in close agreement with the simulated value of
3.3 ns. Thus, this technique allows for the demonstration of delay lines using on-chip SBS,
which are much more power-efficient than delay lines merely based on the slow-light effect
of SBS. This preliminary demonstration makes such chip-based scheme of great interest in
practical RF applications where both small size and lower power consumption are desired.
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(a)
(b)
Figure 5.20: (a) A schematic representation of the experimental setup for re-
alizing an on-chip SBS-based RF signal processor, with a photograph of the
photonic chip next to an Australian Dollar coin. (b) On-chip demonstration
of the enhanced time delay of a 23-ns-long RF pulse by phase amplification
technique. The time delay is increased from 0.4 ns to 2.4 ns. The inset shows
the amplified phase response compared to the initial phase response induced
by SBS.
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5.5 Conclusion
In this chapter, the phase amplification technique is demonstrated to provide a novel and ver-
satile method to realize on-chip dynamically tunable MWP delay lines. The time delay of a
3-ns-wide RF pulse was enhanced by ∼ three times. The RF time delay can be switched and
tuned at a speed of gigahertz. Both MWP signal delay and advancement can be achieved in
a passive platform based on linear optical devices, i.e. Si3N4 ring resonators. This technique
is promising to enhance conventional MWP delay lines with flexibility and rapid tunability,
satisfying the requirement in dynamic beamforming and PAAs applications. These advan-
tages are activated by two main features: first, the time delay of RF signals is not limited by
the initial dispersion induced by optical device. Instead, it is determined by the vector-sum
result, allowing for an amplification effect on the RF dispersion. Second, this technique can
decouple the tuning scheme from the optical device’s properties, the tuning mechanism is
migrated to simply tuning the optical power which can be rapidly altered. Therefore, the op-
tical delay devices do not need to be tunable, which can eliminate the requirement of tunable
elements such as on-chip micro-heaters. These unique features form the basis of the delay
enhancement, ultra-fast tuning and the simplification of the device designs.
Another important advantage of this technique is the compatibility with other MWP de-
lay line schemes based on nonlinear optical effects. To demonstrate this feature, we demon-
strated the delay enhancement of SBS-based MWP delay lines in this chapter. Using the
phase amplification technique, the time delay of RF signals can be enhanced by a gain factor
of ∼ 7, compared to the delay lines merely based on the SBS-induced time delay. In conven-
tional SBS-based IMWP delay lines, it is extremely challenging to produce long time delays,
usually constrained by the waveguide power handling and heat dissipation. Fortunately, the
phase amplification technique can significantly reduce the pump power consumption required
to achieve longer time delays. As shown in the preliminary demonstrations, the phase ampli-
fication technique allows for the enhancement of on-chip SBS-based time delay, while with
a much lower pump power requirement.
The phase amplification can indeed be realized in the optical domain, although it is
achieved in the RF domain via the photodetection in this chapter [418]. Recently, an impres-
sive demonstration of phase amplification using four-wave mixing (FWM) Bragg scattering
(BS) process in the optical domain was reported. The key idea is using the FWM-BS process
to couple the reference signal and the initially-delayed signal in the optical domain, without
using the RF interference technique. This approach extends the application of phase/delay
amplification to photonic signal processing and buffering, no longer limited to the RF appli-
cations.
However, the phase amplification technique is accompanied by a side effect of additional
signal loss, as discussed in Section 5.3.3. This is due to broadband destructive interference
used. This issue becomes a severe drawback for the delay enhancement of MWP delay
lines based on linear optical devices, since these devices, typical ring resonators, generate
amplitude suppression within the optical resonance. This amplitude suppression will add up
with the RF interference loss, resulting in a high signal loss. The total losses will further
deteriorate the delay signal quality. Fortunately, the optical resonance induced by SBS gain
provides a good solution to relax this bottleneck, since the SBS gain can compensate the
interference loss. From this perspective, the marriage of the phase amplification and SBS
gain will be a promising direction to implement IMWP delay lines with both enhanced delay
and appreciable signal quality.
To extend its potential for future applications, the phase amplification technique can be
seamlessly applied to MWP phase shifters, by operating it for the optical carrier of RF pho-
tonic signals [419]. Furthermore, by combining an additional control of the optical carrier
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with this delay enhancement technique on sidebands, a high-performance true-time delay can
also be implemented for applications in PAAs and beamformers in wireless communications.
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Chapter 6
High-Performance IMWP Notch
Filters
Simultaneously achieving high link performance and advanced functionalities of IMWP fil-
ters is crucial but challenging for the future deployment practical RF applications. In this
chapter, we present the first demonstration of a Si3N4-based IMWP notch filter that simul-
taneously combines high link-performance and advanced filter functionalities. To further
unlock the full potential, we demonstrated a new filter concept of pairing a Si3N4 ring res-
onator and the nonlinear optical effect SBS, to achieve a lossless MWP notch filter with
unprecedented tunability. These results, for the first time, present feasible ways of achiev-
ing an all-optimized integrated RF photonic filter without any trade-off of performance and
functionality, solving the long-standing performance bottleneck of IMWP sub-systems.
The contents in this chapter are mainly based on the following publications:
• Y. Liu, D. Marpaung, A. Choudhary, J. Hotten, and B. Eggleton, “Link Performance
Optimization of Chip-based Si3N4 Microwave Photonic Filters”, IEEE J. Light. Tech-
nol. 36, 1–1 (2018). [420]
• Y. Liu, J. Hotten, A. Choudhary, B. J. Eggleton, and D. Marpaung, “All-optimized
integrated RF photonic notch filter”, Opt. Lett. 42, 4631 (2017). [421]
• Y. Liu, D. Marpaung, A. Choudhary, and B. J. Eggleton, “Lossless and high-resolution
RF photonic notch filter”, Opt. Lett. 41, 5306–5309 (2016). [422]
• Y. Liu, D. Marpaung, B. J. Eggleton, and A. Choudhary, “High-Performance Chip-
Assisted Microwave Photonic Functionalities”, IEEE Photon. Technol. Lett. 30, 1822-
1825 (2018). (Review) [423]
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6.1 Introduction
IMWP filters have been extensively demonstrated using a variety of on-chip photonic de-
vices, exhibiting numerous advantages such as footprint miniaturization and flexible tunabil-
ity. However, these benefits are not enough to justify the technical insertion in practical RF
applications [424], unless the link performance of IMWP filters match or even outperform
the conventional electronic counterparts. Unfortunately, most of reported IMWP filters failed
to demonstrate a link performance comparable or close to the target performance. Therefore,
future development of IMWP filter must minimize this long-standing performance gap and
change the perception of IMWP filters being associated with lower performance.
To understand how the RF link performance affects the IMWP filter performance, we use
an example of an RF notch filter, as schematically shown in Fig. 6.1. A typical application
scenario of an RF notch filter is eliminating the unwanted signal adjacent to the signal of
interest. The interference signal usually has a much higher RF power compared to the useful
signal, which can cause the amplifier saturation or damage in RF receivers. An ideal RF
notch filter is expected to have a high spectral resolution and a deep rejection to precisely
suppress the strong unwanted signal, as shown in Fig. 6.1. A more important but usually
neglected requirement is the low RF attenuation in the passband, which is evaluated by the
RF link gain introduced in Section 2.3. Therefore, the notch filters are desired to have a low
RF link loss or positive link gain. In the meantime, the filters should introduce less noise in
the passband, sustaining a low noise figure. Only if combining the desired link performance
with the flexibility enabled by photonics, IMWP filters can find practical applications in real-
world RF systems.
(a) (b)
Figure 6.1: Schematic comparisons of the RF signal spectra before (a) be-
ing processed and (b) after being processed by a desired IMWP notch filter,
respectively. The input RF signal consists of a weak signal of interest and
a strong unwanted interference. For practical applications, the IMWP notch
filter must provide a deep rejection to suppress the strong interfere with-
out attenuating the signal of interest or introducing excessive noise. With
the desired performance, the signal-to-noise ratio of the useful signal can be
maintained.
However, the link performance of IMWP filters is usually constrained by several hurdles:
1) optical sources introduces RIN noise and shot noise, particular at high optical power [13,
156]. 2) The insertion of photonic circuits introduce optical insertion losses dominated by the
fiber-to-chip coupling loss, leading to quadratically increased RF losses due to the square-
law photodection. 3) The filter scheme usually introduce additional loss. For example, to
implement single-sideband modulation for optical-to-RF response mapping, an additional
optical filter is needed to suppress one sideband [126, 129, 135]. However, it not only loses
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the RF energy contribution from the suppressed sideband, but also can impart additional
insertion loss in the remaining sideband, as shown in Fig. 6.2. Another example is the MWP
filter based on broadband destructive cancellation which also generates interference loss [59,
60, 130, 131, 272]. 4) The filter scheme is not compatible with existing link performance
optimization techniques which are well-developed for MWP link-only applications, since the
modulator DC bias is not tunable [136, 261] or the DC biases have to be fixed at a specific
condition [59, 60, 130, 131, 272]. To achieve high-performance IMWP filters, these four
issues need to be considered and tackled in the filter scheme design.
Figure 6.2: The schematic of a typical coherent chip-based MWP notch fil-
ter, based on the single-sideband modulation which allows for one-to-one
spectrum response mapping from optical domain to RF domain. To imple-
ment the single-sideband modulation, an additional optical filter is needed
to remove one sideband, which will also attenuate the optical carrier and the
remaining sideband due to the non-square filter shape and insertion losses.
After being processed by the on-chip photonic filter, an RF filter is obtained,
but with a significantly attenuated passband. This resultant RF filter with a
high link loss is impractical for wireless communication applications, even
though the filter achieved desired tunability and high resolution.
Some aforementioned challenges could be solved, if high-performance photonic and op-
toelectronic devices are available. For instance, ultra-low-noise light sources can produce
lower noise, even when operated at a high optical power exceeding 100 mW [54]. Using
full-integrated MWP systems can radically minimize or eliminate the connection losses be-
tween different optical devices, compared with MWP filters using discrete components [224].
However, the on-chip light sources, modulators and photodetectors are lagging the commer-
cial off-chip devices. On the other hand, only solving these issues are not enough, since other
issues such as the filter scheme and incompatibility with link optimization techniques will
still set severe hurdles to achieve high performance. As a result, to date in most of reported
cases, the link performance of IMWP filters is prohibitively low, typically with a noise figure
of more than 30 dB [60, 136, 224, 260, 422, 425]. This level of performance is far away from
the benchmark, i.e. the achievable link performance of state-of-the-art MWP link only which
exhibits a sub-10 dB noise figure, as shown in Fig. 6.3.
To improve the link performance of IMWP filters with currently available optical com-
ponent, we need to rethink the MWP filter schemes. It is desirable to find an MWP filter
scheme that can make use of all the optical sidebands, which eventually avoids using the
additional optical pre-filtering shown in Fig. 6.2. Meanwhile, the filter scheme is expected
to be compatible with existing link performance optimization techniques, typically intensity
modulation in a low-DC-biased configuration as introduced in Section 2.3.3. Therefore, these
desired features converge to a certain filter scheme that employs the intensity modulator, and
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the filter response formation is independent of the modulator bias. To this end, one feasible
way is to construct unique optical response for the filter formation, based on the RF transfer
function concept we developed in Section 3.3.3.
In the following sections, we demonstrated a new class of IMWP filters with a record-
high link performance based on Si3N4-based integrated photonic circuits. This chip-based
MWP filter achieves a record-high link performance compared with other IMWP filters, as
shown in Fig. 6.3. To enable a higher level of reconfigurability, we reported a proof-of-
concept demonstration of a hybrid IMWP filter, by combining the optical responses of an
over-coupled Si3N4 ring resonator and the SBS gain resonance.
Figure 6.3: The noise figure of state-of-art IMWP filters in published work,
showing in general more than 30 dB noise figure [60, 136, 224, 260, 422,
425]. Our recent demonstrations made a step closer to the target perfor-
mance, achieving 15.6 dB noise figure [421, 426].
6.2 All-Optimized Si3N4-based IMWP Notch Filter
In this section, we report the first integrated MWP filter with fully-optimized RF perfor-
mance, exhibiting an RF gain of 8 dB, a record-low NF of 15.6 dB, and a record-high SFDR
of 116 dB·Hz2/3, all achieved without the use of a customized high-power-handling photode-
tector or electrical RF amplifiers. This unparalleled performance is simultaneously obtained
with advanced notch filtering functions featuring dual independently tunable stop-bands,
each with a rejection of > 50 dB and a high spectral resolution of 150 MHz. Each band
can be independently tuned in central frequency in the range of 0-12 GHz. The achieved
performance is based on a unique and low-loss chip-based filter scheme which offers the
compatibility with existing link performance optimization techniques, while maintaining the
advanced notch filter functionality.
This section starts with the principle and demonstration of such a high-performance
IMWP filter, followed by a detailed and systematical study of the link performance opti-
mization.
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6.2.1 Filter Principle and Experimental Demonstration
Operation Principle
The key to these breakthrough results is the use of a low-loss silicon nitride photonic circuit
consisting of series of ring resonators as optical filtering units with unique phase responses,
along with the low-biasing operation of a Mach-Zehnder modulator (MZM) as a link opti-
mization technique to achieve a low NF.
Figure 6.4: Operation principle of the notch filter. Two integrated Si3N4
ring resonators, one over-coupled (OC) and the other under-coupled (UC),
are used to process a dual-sideband intensity-modulated signal. The RF and
optical spectra at key points along the link are schematically illustrated.
The schematic of the integrated MWP filter is shown in Fig. 6.4. The RF signal to be pro-
cessed is encoded in the optical domain through intensity modulation, generating an optical
carrier and two optical sidebands with equal phases and amplitudes. The principle and the
detailed features of intensity modulation can be referred to the discussion in Section 3.1.2 in
Chapter 3. This optical signal is injected to 2 cascaded on-chip Si3N4 optical ring resonators
that exhibit equal magnitude suppression but with very distinct phase responses. The reso-
nance of each ring is used to process one sideband. One ring is used as a pre-processing unit
operating in an over-coupled (OC) regime and is aligned with the frequencies of the upper
sideband. The second ring is operated in an under-coupled (UC) regime and is used to filter
the lower sideband. The two rings are tuned to exhibit the same peak attenuation, but because
of the different coupling conditions, they exhibit entirely different phase envelopes. The UC
ring resonator has zero phase-shift at the resonance frequency. In contrast, the OC ring has
a pi phase shift at the center frequency due to its inherent phase transition from 0 to 2pi.
These distinct spectral responses of ring resonators operated in different coupling regimes
are covered in Section 3.2 in Chapter 3.
The two rings are tuned to exhibit the same peak attenuation, but because of the different
coupling conditions, they exhibit entirely different phase responses and quality factors. The
OC ring produces a pi phase shift at the center frequency while the UC ring exhibits no phase
change at its center frequency, as shown in the simulated responses in Fig 6.5(a) and (b)
for a ring with a quality factor of 1 × 106. The central frequencies of the ring resonances
are aligned symmetrically about the optical carrier (for example 10 GHz in the simulation
results in Fig. 6.5, and the precise amplitude and phase tailoring and the subsequent RF
signal mixing in the photodetector allow for a complete destructive interference at the notch
frequency (in this case 10 GHz) in the RF spectrum as shown in Fig. 6.5.
Consequently, the destructive interference leads to an ultra-deep suppression over 50 dB,
while the mixing products of in-phase optical sidebands outside the notch frequencies will
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Figure 6.5: Simulated spectral responses of (a) an UC ring, (b) an OC ring
and (c) the resultant notch filter response in the RF domain. UC, under-
coupled; OC, over- coupled.
add up constructively, hence forming a strong passband for the RF filter. This power en-
hancement in passband, as opposed to high RF losses, is crucial for the RF link gain and
noise figure optimization of the filter. This filter implementation is proposed and mathemati-
cally derived in 3.3.3 in Chapter 3.
An equally important feature of this technique is the compatibility of the notch filter
operation with standard intensity modulation. There is a well-established library of link
optimization techniques associated with intensity-modulation-based MWP links [13]. For
example, one can implement intensity modulation using a low-biased Mach-Zehnder modu-
lator to generate modulated signals, at the input of the ring resonators. This is also the key
difference between the technique reported here with previously reported filters relying on the
precise amplitude and phase tailoring that takes place in a specialized modulator [60, 130,
265], such as a dual-parallel Mach-Zehnder modulator (DPMZM) introduced in Section 3.1
in Chapter 3. Critically, for the first time, one can combine chip-based advanced filtering
with optical link performance optimizations.
Demonstration of RF Notch Filter Responses
The experimental realization of the chip-based MWP notch filter is depicted in Fig. 6.6. The
choice of this MWP link architecture is determined by the power and noise distribution along
the link, which will be discussed in detail in the next section. Here, we mainly focus on the
filter response and the achieved link performance.
An optical carrier from a laser (Teraxion, 16.4 dBm output power) is amplified using an
erbium-doped optical amplifier (EDFA, Amonics) to an optical power of 30 dBm. The optical
carrier is then intensity-modulated using a Mach-Zehnder (MZM, EOSpace 20 GHz) with a
half-wave voltage (Vpi) of 3.8 V and an optical insertion loss of 4 dB. The MZM is driven by
an RF signal from a vector network analyzer (Agilent PNA 5224A). The bias voltage of the
MZM is then optimized to achieve the lowest RF noise figure, by low biasing the link to shift
to the shot-noise-limited regime from the relative-intensity (RIN)-noise limited regime [158–
160]. The discussion on this low-biasing technique can be found in Section 2.3 in Chapter 2.
The output of the MZM is then sent to a low-noise EDFA with an output power of 21
dBm before being injected into a programmable silicon nitride circuit (Satrax BV) fabricated
using the low-loss TriPleX (Si3N4) technology [179, 180]. The dimensions of the circuit
were chosen to achieve ultra-loss optical progation loss and high-quality-factor ring reso-
nances. The utilized part of the circuit consists of four optical ring resonators connected in
series. The chip was equipped with on-chip tapers to minimize fiber-to-fiber insertion losses
to 7.5 dB. The propagation loss of the optical waveguides is less than 0.2 dB/cm. Each ring
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Figure 6.6: Schematic of the experimental realization of the integrated RF
photonic filter with spectra measured at different points. LSB, lower side-
band; USB, upper sideband; UC, under-coupled; OC, over- coupled.
resonator has a free spectral range (FSR) of 26 GHz, and the coupling coefficient and res-
onance frequency are tunable through thermo-optic tuning. The processed optical signal is
then sent to a photodetector (Finisar HPDV2120R) and the retrieved RF signal is measured
in the vector network analyzer. The RF filter response was directly measured without data
normalization, with a resolution bandwidth of 1 kHz.
To form an RF photonic bandstop filter with a single stopband, two ring resonators are
used in series, based on the principle illustrated in Fig. 6.4. By adjusting the rings central
frequencies symmetrically relative to the optical carrier, the notch filter frequency can be
tuned. This shown in Fig. 6.7(a). The notch at each frequency exhibits a high suppression
beyond 50 dB and an amplification (i.e. positive link gain) at the passband. Note that due
to the low biasing, the high link gain is achieved at a relatively low photocurrent of 10 mA.
The number of stopbands can be increased by activating more pairs of ring resonators. As
shown in Fig. 6.7(b), a second independently-tunable stopband was subsequently added
by activating the third and fourth rings. Notably, both stopbands achieved high extinction
beyond 50 dB and RF amplification was achieved throughout the passband from 0-12 GHz.
The frequency roll-off in the filter response comes from the frequency-dependent amplitude
response of RF components including cables, modulator and photodetector towards high
frequencies. In addition, the spectral resolution of the filter stopband can also be flexibly
tuned by controlling the coupling coefficients of the rings. Experiment results of bandwidth
tuning in the range from 150 MHz to 350 MHz was shown in Fig. 6.7(c).
Demonstration of the Record-High Link Performance
As mentioned earlier, the filtering technique allows for link performance optimization to
be achieved simultaneously with the advanced filter functions demonstrated earlier, because
the stopband formation is truly independent of the DC bias of the MZM. Low biasing the
MZM can thus be used to optimize the NF and the link gain of the filter without affecting
the demonstrated filter functionalities. In conjunction with a high-power optical source, low
biasing the modulator can reduce the noise power faster than the reduction of link gain,
therefore effectively decreasing the noise figure [160]. We measured the NF of the MWP
filter at the passband frequency of 6 GHz under various bias voltages, as shown in Fig. 6.7(d).
By extremely low-biasing the MZM at a bias angle (defined as piVb/Vpi, where Vb is the bias
voltage and Vpi is the DC half-wave voltage) of 0.05 pi, a reduction of more than 10 dB in
noise figure relative to the case of quadrature bias can be achieved, at a photocurrent of 10
136 Chapter 6. High-Performance IMWP Notch Filters
Figure 6.7: Spectra of (a) single-band filter at various RF frequencies, (b)
dual-band filter, and (c) reconfigurable filter bandwidth. (d) Noise figure at
the passband frequency of 6 GHz, as a function of normalized bias angle (the
ratio of applied bias voltage to the modulator’s half-wave voltage.
mA. The measured minimum noise figure is 19.5 dB. We then extended the measurements
at this bias point over the entire operation band of the filter, and measured a minimum NF of
15.6 dB at an RF frequency of 2 GHz.
Another important measure of performance in RF photonic systems is linearity. In order
to evaluate the filter linearity, we performed a two-tone test with a tone spacing of 10 MHz
and measured the generated 3rd-order intermodulation (IMD3) products using an electrical
spectrum analyzer (ESA, Agilent PSA E4448A). The generated spurs at RF frequencies of
2ω1 −ω2 and 2ω2 −ω1 can be measured using the ESA, when two RF tones at frequencies
of ω1 and ω2 are sent to the MWP filter link. The detailed measurement method can be found
in Section 2.3.2.
The measured IMD3 powers as a function of the input RF power at the two-tone cen-
ter frequency of 12 GHz are depicted in Fig. 6.8(a). By means of extrapolation, the 3rd
order input intercept points (IIP3) can be estimated to be +19 dBm. Taking into account
the measured link noise of power spectral density of -153 dBm/Hz, the resulting third or-
der spurious-free dynamic range (SFDR) of the filter at an RF frequency of 12 GHz is 116
dB·Hz2/3. Note that the displayed noise level of the spectrum analyzer sets a background
noise floor for IMD3 measurements when the input RF power is lower than -15 dBm. In
addition, we also measured the 2nd-order intermodulation (IMD2) power generated by the
filter, which determined that the 2nd-order intercept point (IIP2) and 2nd-order SFDR are +9
dBm and 82.2 dB·Hz1/2, respectively. The filter is thus, working in sub-octave bandwidth
[21]. This is expected from a low-biased link, as biasing away from the quadrature point
which is the most linear point of operation for an MZM, will lead to an elevated level of
even-order distortions. Nevertheless, for select applications that do not require a bandwidth
of more than one octave, the filter exhibits the highest SFDR ever reported for a functional
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Figure 6.8: Measured spurious-free dynamic range (SFDR) at 12 GHz, and
(b) the measured RF gain, NF, and SFDR over the entire tuning range.
integrated RF photonic system.
We characterized the filter’s RF link gain, NF, and SFDR over the entire tuning range of
the filter (1-12 GHz), which is limited by half of the resonator’s FSR (26 GHz). As shown
in Fig. 6.8(b), the filter consistently achieved RF amplifications in the filter passband over
the entire band of interest, with NF variations of 15.6-19.5 dB and SFDR variations of 113-
116 dB·Hz2/3. For all these measurements, the notch frequency was set at 9.8 GHz and
the photocurrent was fixed at 10 mA. It is important to stress again that these results were
achieved without any electrical amplification, which can avoid the operation RF frequency
range and the reduction of dynamic range.
To further signify the filter performance, we carried out an experimental demonstration
of RF signal filtering that highlights the filter’s ultra-high rejection at the stopband and RF
amplification in the passband. We emulated a scenario where an RF front-end subsystem
receives and processes a relatively weak RF signal of interest in the presence of a strong
interferer, which is typical in the case of a crowded modern RF spectral environment. The
desired RF signal is located at the frequency of 9.46 GHz with a power of -56 dBm while the
unwanted interferer has a frequency of 9.69 GHz and is 30-dB-stronger than the signal. The
filter stopband was then tuned to the frequency of the interferer. The RF spectra before and
after filtering are shown in Fig. 6.9. After passing through the filter, the desired signal (at
9.46 GHz) is amplified by 2 dB, while the interferer located at 230 MHz (∼ half of the filter 3-
dB bandwidth) away from the signal is suppressed by 47 dB down to -73 dBm. This striking
result highlights the unique performance of the filter in terms of passband amplification,
stopband rejection, and spectral resolution, promising the capability to avoid RF losses of
signals of interest while blocking strong jamming spikes in practical applications.
We compare the performance of our filter with previously reported integrated RF pho-
tonic filters [60, 128, 163, 224, 422] and with a link only result serving as a performance
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Figure 6.9: High-resolution RF filtering using the integrated RF photonic
filter.
benchmark. The results are summarized in Table 6.1. Our filter shows orders-of-magnitude
lower NF when compared to other integrated RF photonic filters, while at the same time
showing a higher passband amplification and a higher dynamic range. In fact, the perfor-
mance of our filter subsystem is closer to the expected ideal performance of a MWP link
without any functionality beyond signal distribution. Thus, our results represent a significant
step to reducing the massive performance gap between link only and integrated functional
subsystems in RF photonics.
In the above demonstrations, we have shown the simultaneous combination of all-optimized
link performance and outstanding filtering functionality. However, one of interesting and im-
portant questions remains to be answered: how the MWP link architecture converges to the
configuration shown in Fig. 6.6. The answer to this question will provide a feasible design
route and guidance to approach high-performance IMWP filters. In the following section,
Table 6.1: Link performance comparison of reported IMWP filters.
Platform Link gain (dB) NF (dB) SFDR3 (dB·Hz2/3)
Fiber (link only) [13] >0 <10 >120
Indium Phosphide [224] - 20 >30 81
Chalcogenide [60] - 30 >30 N/A
CaF2 [128] - 23 34 110
Silicon [260] 0 30 105
Si3N4 & Fiber [422] 0 38 N/A
Si3N4 (This work) 8 15.6 116
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we present the comprehensive experimental study to optimize the link performance of the
IMWP notch filter shown in this section.
6.2.2 Systematic Link Performance Optimization
Here, we present a thorough analysis and experimental investigation of both noise figure
and link gain for a chip-based MWP filter. This systematic study will lead to the filter link
architecture employed in the previous section, forming the basis of the all-optimized chip-
based MWP notch filter.
As illustrated in the previous section, optical amplifiers can be employed in this simple
IMDD link to offset the fiber-to-chip coupling loss (∼ 8 dB) to achieve a positive RF link
gain, without exceeding the power handling capability of the photodetector. However, the
use of erbium-doped fiber amplifiers (EDFAs) will deteriorate the signal-to-noise ratio, as
the amplifier spontaneous emission (ASE) will introduce additional noise to the link [160].
The ASE noise strength is affected by the EDFA placements and power distribution in the
link since the seed power can impart influences on the EDFA dynamics. Thus, the distribu-
tion of EDFA is important for power and noise management in the link, which will finally
determine the total noise delivered to the photodetector. In the following four sub-sections,
we examine the link performance of the proposed RF photonic filter in different link architec-
tures, with EDFAs embedded at various available locations in the photonic link, consisting
of an integrated photonic chip, as shown in Fig. 6.10. We compare the noise figure and link
gain of four different filter link architectures that consist of one EDFA (at Location A) imme-
diately prior to the photodetector, one EDFA (at Location B) immediately prior to the chip,
one EDFA (at Location C) before MZM, and two EDFAs (at Location B and C). For clear
comparisons, noise figure and link gain are measured at 6 GHz.
Figure 6.10: Schematic of the Si3N4-based microwave photonic notch filter
implemented in the experiment. This microwave photonic filter is treated as
a black box interfaced with one RF input port and one RF output port. The
RF signals are processed by an optical link employing intensity modulation
and direct detection. In the optical link, three locations (marked by A, B
and C) can be considered to accommodate the EDFA to improve the link
performance. IM: Intensity modulator. PD: Photodetector. Black dots indi-
cate the possible locations of optical amplifiers. EDFA: Erbium-doped fiber
amplifier.
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Link Type A: EDFA immediately prior to Photodetector (Location A)
To implement a high-gain analog photonic link, the most evident choice is to amplify the
optical signal immediately prior to photodetection. A low-noise EDFA right before the pho-
todetector is used to compensate the optical losses in the link and generate enough photocur-
rent for a higher RF link gain. However, in this case, the ASE noise will be picked up directly
by the subsequent photodetector, resulting in an increase in the noise figure. In the experi-
ment, a commercial DFB laser (Teraxion LM) with a relative intensity noise (RIN) of -158.8
dBc/Hz (characterized at 6 GHz) and an output power of 16.4 dBm was injected in to an
intensity modulator (EOSPACE 20 GHz) with an optical insertion loss of 4 dB and an RF
half-wave voltage of 3.8V. The modulated signal was processed by a pair of on-chip Si3N4
ring resonators with a typical fiber-to-chip optical coupling loss of ∼ 8 dB and was then am-
plified by a low-noise EDFA (Amonics, 21 dBm maximum output), before being detected by
a photodetector (PD, Finisar HPDV2120R) with a responsivity of 0.5 A/W at a photocurrent
of ∼ 37 mA.
In an RF photonic link, the noise figure is a measure of signal-to-noise ratio (SNR)
degradation between output and input RF signals. The SNR of an ideal input RF is con-
sidered as the ratio of input signal power Psignal to the electrical noise power kT B, i.e.
S NRin = Psignal/kT B, where k is the Boltzmann constant, T is the room temperature and
B is the receiver electrical bandwidth. The output SNR after photodetection is described by
S NRout = Glink · psignal/PN where PN is the total electric noise power detected by the PD,
and Glink is the link gain of RF signals. The total noise power PN includes the contributions
from the thermal noise PN,th, shot noise PN,shot, RIN noise PN,RIN and ASE noise PN,AS E , as
expressed in Eq. 2.16 in Chapter 2.
It is worth noting that pshot and pRIN change as a function of photocurrent (translated
from detected optical power). Thus, we can manage the optical power in the link to reduce
the noise. A commonly-used technique for the noise reduction is the low-biasing operation
of the MZM. By reducing the DC bias voltage Vbias applied to the MZM, the detected optical
power will drop at a rate proportional to
[
1 − cos (ϕDC)
]
, while the detected link gain drops
at a slower rate proportional to sin (ϕDC)
2 where is ϕDC is bias angle defined by piVbias/Vpi.
As introduced in Section 2.3 in Chapter 2, the noise figure is given in decibel scale is
given by NF = PN −G + 174. To get the noise figure of the filter passband in the experi-
ments, G and PN need to be characterized in the filter passband. G is measured by a vector
network analyzer (Agilent PNA 5224A) that drives the MZM with swept RF tones and ana-
lyzes the received RF signal from the filter link. PN is retrieved by measuring the RF power
spectrum using an electrical spectrum analyzer (Agilent PSA E4448A) at a resolution band-
width of 1 Hz, and then separating the noise contribution from the ESA and an RF amplifier.
The RF amplifier here is used to lift the link noise above ESA’s display noise level for mea-
surement. More details about the noise figure measurement method can be found in Section
2.3 in Chapter 2.
In the link architecture in which an EDFA is prior to the photodetector, the measured
RF link gain increases by 20 dB, by lowering the modulator’s bias from the quadrature bias
towards the null bias, as shown in Fig. 6.11(a). This increase in link gain, while lowering the
bias, is attributed to the change in the EDFA gain factor with a lower MZM transmission as
the optical seed power [160]. Consequently, the RF link gain improvement of a MWP link
consisting of a low-biased MZM followed by EDFA is qualitatively represented by
∆G  10log10{
sin (ϕDC)
2[
1 − cos (ϕDC)
]2 )}, (6.1)
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Figure 6.11: Measured (a) link gain, noise power spectral density, and (b)
the corresponding noise figure at 6 GHz as a function of a normalized bias
angle (defined by Vbias/Vpi) of the intensity modulation of a link with a high
power EDFA at Point A in Fig. 6.10.
where ϕDC is the bias angle (defined as piVbias/Vpi), when assuming the small-signal EDFA
gain GEDFA  1 and a unity fringe visibility of MZM [160].
The calculated gain improvement shown in Fig. 6.12 reflects the same trend, indicated
by the dashed red curve in Fig. 6.11(a). However, the electric noise PSD also increases
at a similar rate, increasing by around 20 dB, which leads to a nearly constant noise figure
of around 39 dB, as shown in Fig. 6.11(b). This increased total noise power is caused by
the stronger ASE noise of the EDFA with a weaker seed input [35-37]. The seed signal
is significantly attenuated by optical losses induced by the low-biased modulator and the
subsequent optical fiber-chip-fiber coupling. From the measured data, an equivalent RIN
(combining contributions from the laser source and EDFA) is calculated to be from -154.7 to
-133.2 dBc/Hz, which is significantly larger than the RIN of the laser (-158.8 dBc/Hz). Thus,
the overall noise figure performance is dominated by the EDFA noise over the effect from
the low-biasing technique, especially at a bias close to the null MZM transmission. Hence,
an appreciable seed power to the EDFA is necessary to reduce the ASE noise.
Link Type B: One EDFA after the Intensity Modulator (Location B)
By placing a low-noise EDFA at Point B, the seed power to the EDFA is entirely increased
by 8 dB at each bias, compared to the attenuated seed power to the EDFA in the prior link.
The low-noise EDFA has a noise figure of typically 4 dB, compared to 6 dB of a high-power
EDFA. As a contrast to the above case where the EDFA was at Location A, the noise power
drops from -142 dBm/Hz to -159 dBm/Hz. The link gain decreases from -5 dB to -18 dB.
The difference between the noise power reduction and the link gain reduction leads to a noise
figure reduction of ∼ 4 dB at quadrature bias, as shown in Fig. 6.13(a).
When reducing the normalized bias angle from 0.5 to 0.1, the noise power increases at
a slower rate, with respect to the increase of link gain. As a result, the noise figure shifts
to a lower level, reducing from 39 dB to minimum of ∼ 30 dB, as shown in Fig. 6.13. At
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Figure 6.12: Calculated improvement in the RF link gain as a function of
the normalized DC bias angle (defined by Vbias/Vpi) of MZM followed by
an EDFA, compared to the one with a modulator biased at the quadrature
point followed by an EDFA.
Figure 6.13: Measured (a) link gain, noise power spectral density, and (b)
the corresponding noise figure at 6 GHz as a function of a normalized bias
angle (Vbias/Vpi) of the intensity modulation of a link with a low-noise EDFA
located at Point B in Fig. 6.10.
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the bias with this minimal noise figure, an equivalent RIN of -149.5 dBc/Hz is obtained,
lower than -140.8 dBc/Hz in the prior link at the same bias. This proves that the ASE noise
contributes less when being seeded with a relatively stronger optical signal. The noise figure
increases again when decreasing the bias lower than 0.1, as the ASE noise rapidly increases.
The rapidly increased noise power is due to the significantly attenuated input signal seeding
the EDFA.
In the experiment for this link, the EDFA was set to the maximum output injected in to
the photonic chip with ∼ 8 dB insertion loss. The detected photocurrent is around 9 mA. In
the experimental study, we consider the ASE noise contribution to the total link noise into an
equivalent RIN for qualitative analysis, since the EDFA noise dynamics cannot be generally
described by a closed-form expression which is also beyond the scope of this study. From
above comparisons, a relatively strong seed input to the subsequent EDFA is able to reduce
the noise figure.
Link Type C: One EDFA before the Intensity Modulator (Location C)
To seed enough input power to the final-stage EDFA, a light source with a high-power output
is desired. Previously reported work has demonstrated that a high-power EDFA (at Location
C) sitting prior to a low-biased intensity modulator is beneficial to reduce the RF noise figure
to a sub-10-dB level and keep a low link loss [158].
Figure 6.14: Measured (a) link gain, noise power spectral density, and (b) the
corresponding noise figure at 6 GHz as a function of a normalized bias angle
(Vbias/Vpi) of the intensity modulation of a link with a high power EDFA at
Point C in Fig. 6.10.
In this link arrangement, we treat the laser and the EDFA (Amonics, 30 dBm output)
as one high-power optical source. The low-biasing technique here is used to reduce the
noise figure, by pulling the link to the shot-noise-limited regime from RIN-noise-limited
regime [13], until the RIN noise reaches a comparable level as the shot noise. By moving
the quadrature bias towards the null bias, the noise power (mainly determined by the optical
carrier’s RIN noise) decreases at a rate proportional to [1 − cos (ϕDC)] 2, whereas the link
gain drops at a slower speed proportional to sin (ϕDC)
2 [156]. As shown by dashed slope
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curves in Fig. 6.14(a), the measured noise power in general decreases faster than the link gain
reduction, except the results around the normalized bias angle of 0.15. The difference in the
reduction rate of the noise power and link gain is expected to enable the noise figure reduction
according to Eq. 2.15. As shown in Fig. 6.14(b), the measured noise figure decreases from
29 dB to ∼25 dB at a normalized bias angle around 0.1. It is worth noting that a lower
noise figure at a lower bias was not able to be characterized, as the noise power at a low
photocurrent became comparable with the displayed noise level of the ESA, which limits the
measurements. However, the link gain is entirely below -20 dB, due to the reduced MZM
transmission (typically few mW) and the subsequent coupling losses before photodetection.
Thus, efforts to improve the link gain are also needed.
From these results, we can conclude that: 1) a high-power EDFA (Location C) before a
low-biased modulator enables a lower noise figure by pulling the link into shot-noise-limited
regime, 2) the second EDFA (Location B) is desired to increase the RF link gain, and 3) The
high-power source can ensure a transmitted power (∼1 mW) after MZM even at a very low
bias, which is an appreciable seed power to the second EDFA.
Link Type D: A Link with Two-Stage Amplification (Location B&C)
Based on the above study and analysis, here we investigate the link performance of a filter
link that consists of an EDFA after the MZM and a high-power optical source built by using
a high-quality laser and a high-power optical amplifier. As shown in Fig. 6.10, the MWP
link with two optical amplifiers (at Points B and C) is expected to simultaneously achieve a
low noise figure and a positive link gain.
Figure 6.15: Measured (a) link gain, noise power spectral density, and (b) the
corresponding noise figure at 6 GHzas a function of a normalized bias angle
Vbias/Vpi of the intensity modulation of a link with a high power EDFA at
Point C and C in Fig. 6.10.
In the experiment, we maximized the output power of both EDFAs, at ∼ 30 dBm (the
high-power EDFA) and ∼ 21 dBm (the low-noise EDFA), respectively. The power handling
of the modulator is beyond 30 dBm and the maximal input power to the photonic chip is 23
dBm. After ∼ 8 dB attenuation induced by the chip, the maximal photocurrent is around 10
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mA, which is well-below its maximum rating of 50 mA. Thus, the filter link was operated in
the condition within the power-handling capability of each component.
As shown by the solid black curve in Fig. 6.15(a), the RF link gain keeps increasing as
the bias angle reduces, with the same trend and similar value as shown in Fig. 6.13(a), since
the photodetector receives the same amount of optical power in both cases. In stark contrast
to the noise figure > 30 dB in Fig. 6.13(b), the measured noise figure decreases to a sub-20-
dB level. By further reducing the bias of the modulator to 0.05, this filter link achieves the
minimal noise figure of 18.8 dB at 6 GHz, yielding a reduction in noise figure by more than
10 dB compared to that at quadrature bias, as shown in Fig. 6.15(b). For the normalized bias
angle smaller than 0.05, the noise figure trends to increase rapidly. This can be explained
by noting that the received electrical noise power starts to grow at a faster rate, compared
with the increase of the link gain. This phenomenon is dominated by the EDFA dynamics,
which can generate much more ASE noise with a very weak seed input. In this low-biased
link equipped with a high-power source and a second-stage EDFA, the link performance was
optimized, yielding a positive link gain and a noise figure less than 20 dB.
Figure 6.16: Measured (a) link gain and noise figure of the optical link em-
ploying two EDFAs over a frequency range of 12 GHz. (b) Corresponding
spurious-free dynamic range. The filter spectral response during the mea-
surement is also shown, with a rejection of > 50 dB at a center frequency of
9.89 GHz.
The link performance over a broad frequency range from 1 GHz to 12 GHz was charac-
terized, showing an overall noise figure less than 20 dB with a minimum of 15.6 dB at 2 GHz,
as shown in Fig. 6.16(a). The RF link gain is positive over the same frequency range, with
a peak value of 8.2 dB. It is worth noting that the noise figure peaks at 10 GHz, as the link
gain is slightly suppressed by the notch filter response at ∼9.89 GHz, as shown in blue in Fig.
6.16(b). The two-tone test is also performed to evaluate the SFDR3 of this filter link, which
is another important measure of link performance in RF photonics. Measurement methods of
the two-tone test can be found in Section 2.3.2. Two RF tones with a frequency interval of 10
MHz were sent to this filter link through electro-optic modulation. The processed RF tones
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Table 6.2: Optimized Link Performance Comparison at 6 GHz.
Link Architecture Link Gain (dB) Noise Figure (dB) SFDR (dB·Hz2/3)
Link TypeA >10 39 ∼ 102
Link Type B ∼5 30 ∼ 108
Link Type C <-20 25 ∼ 110
Link Type D ∼8 18 ∼ 116
Target Performance >0 <10 >120
and the generated third-order intermodulation (IMD3) components were collected by ESA
after passing through the filter link. The SFDR3 can be calculated using Eq. 2.24. By consid-
ering the measured RF noise PSD, this link shows a third-order SFDR (SFDR3) around 116
dB·Hz2/3 over 12 GHz, which is higher than the previously reported Si-chip-based MWP
filter (94.3 dB·Hz2/3) [260], Chalcogenide-chip-based MWP filter (< 100 dB·Hz2/3) [60],
SiN-chip-based MWP filter [422] (∼ 100 dB·Hz2/3) and fully-integrated InP-based MWP
filter [224] (∼ 81 dB·Hz2/3).
The second-order SFDR (SFDR2) is measured to be around 82 dB·Hz1/2. This increased
second-order distortion is induced by the low-biased MZM, as the MZM is operated away
from the most linear regime, i.e. the quadrature bias. This limits the filter to sub-octave
signal processing applications where the spectrum of signals is within one octave. To find
applications in multi-octave signal processing, link linearization techniques can be adopted to
suppress even-order distortions [164]. It is important to note that these results were achieved
without any electrical amplification which is desirable in high-power handling applications.
As shown in Table 6.2, compared to filter Architecture A, B and C, the MWP filter Ar-
chitecture D exhibits an optimized overall link performance. This proposed filter architecture
simultaneously achieves a positive RF link gain, a sub-20-dB noise figure and a record-high
SFDR3 for a chip-based MWP filter, making a step closer to the target link performance.
6.3 Lossless and High-Resolution MWP Notch and Bandstop Fil-
ter
The IMWP notch filter based on Si3N4 ring resonators has shown excellent link performance
and filter function. However, the linear optical devices, i.e. Si3N4 rings in this case, can only
provide limited optical responses for constructing RF filter response with high spectral reso-
lution and tunable shape. For example, the IMWP filter in the above section can not produce
a resolution as narrow as tens of MHz which can easily be achieved by SBS. Meanwhile, the
demonstrated ring-based filter is unable to produce a bandstop response with a flat stopband,
since the perfect RF cancellation condition can only be met at one frequency. Moreover,
simultaneous processing and frequency alignment on both optical sidebands will limit the
tuning flexibility of the filter operating frequency. Hence, a new filter scheme is desired to
remove these limitations without compromising the link performance.
Here, we introduce a hybrid MWP filter that combines the linear optical device and the
nonlinear optical effect SBS, to further enhance the filter functionality and flexibility. The
insertion of nonlinear optical process SBS provides a complementary transfer function, al-
lowing for unprecedented flexibility in filter response tailoring and reconfigurability. By
combining the transfer functions of Si3N4 resonators and SBS, the filter achieves a minimum
insertion loss (< 0 dB), a high isolation (> 50 dB), and a tunable filter shape (3-dB band-
width from 60 to 220 MHz) simultaneously with wide frequency tunability. Interestingly, the
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filter bandwidth narrowing is counter-intuitively synthesized from two broad optical reso-
nance responses. The underlying idea of this filter is based on the concept of single-sideband
processing proposed in Section 3.3.3.
6.3.1 Filter Concept and Principle
The key to this breakthrough is combining the complementary optical response of an OC
optical ring resonator and the SBS gain resonance. This filter scheme has been proposed in
Section 3.3.3. By pairing these two effects, RF signals can interfere constructively in the filter
passband, providing gain for the RF signal rather than loss induced by signal cancellation.
The SBS gain on the other hand, was used to provide unmatched flexibility to tailor the shape
and bandwidth of the filter stopband, leading to a high-resolution reconfigurable filter.
Figure 6.17: Principle of operation of an ideal narrowband MWP filter for
signal suppression, based on selective RF interferometry.
The operating principle is similar to the idea of the IMWP notch filter presented in Sec-
tion 6.2.1. The main difference is that the optical processing is only applied to the one
sideband in the filter demonstrated in this section, rather than processing both the sidebands
in Section 6.2.1. As shown in Fig. 6.17, in the optical domain, an optical carrier is modulated
with two equal-amplitude and in-phase sidebands, except having a pi phase-inversion only at
the desired notch frequency in the upper sideband. Through RF signal mixing via photode-
tection, perfect destructive interference between mixing products of carrier and two optical
sidebands can occur only at the frequency range where the high extinction ratio is needed.
Meanwhile, the constructive interference between the mixing signals takes place over the en-
tire passband frequency, thereby avoiding unnecessary additional RF signal loss. Using this
scheme, a 6-dB passband enhancement can be achieved compared to the conventional RF
photonic filters based on SSB modulation, while more significant enhancement in the range
of 30 dB to 55 dB is expected compared to previously reported RF interference filters [60,
234, 272]. The detailed discussion and derivations of filter scheme can be found in Section
3.3.3.
An optical device that can approximate this ideal transfer function for a pi phase-inversion
depicted in Fig. 6.17, is a ring resonator operated in the over-coupled (OC) state. Simulations
of the spectral response of an OC ring resonator with an intrinsic Q factor of 1×106 are shown
in Fig. 6.18(a), which approximates the performance of the optical resonator we used in
the following experiments. The properties of the OC ring resonator have been discussed in
Section 6.2.1, exhibiting a unique phase response together with a suppression in amplitude
as shown in Fig 6.17.
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Figure 6.18: Simulation results of the spectral response of (a) an OC ring
with 400 MHz linewidth, (b) the ideal compensation response and the ap-
proximate SBS gain response using three SBS pump lines, and (c) a synthe-
sized MWP notch filter with a 3 dB bandwidth of 60 MHz.
Such a device has an inherent continuous phase transition from 0 to 2 pi, thus it can be
used to produce a phase shift of pi at the center of its resonance frequency. This phase transi-
tion, however, is accompanied by a notch-like amplitude response, dictated by the Kramers-
Kroenig relation [427] for optical resonances as shown in Fig. 6.18(a). An ideal transfer
function of amplitude and phase compensation for the ring resonance is obtained through
simulations, as shown by dashed lines in Fig. 6.18(b). The spectra of the transfer function in-
dicate an opposite amplitude response to the over-coupled ring resonator and a positive phase
slope around the center frequency. This compensation transfer function can be achieved by
the tailored SBS gain technique that has been reported [428], using tens of SBS pump lines
generated by a programmable RF signal source. To approach a similar spectral response with
a simplified scheme, a tailored SBS gain using three discrete frequencies spaced by 25 MHz
is adopted, as shown by solid curves in Fig. 6.18(b). By combining the optical response of
the OC ring and SBS gain, an engineered optical spectrum in the upper sideband is obtained
as shown by the blue curve in Fig. 6.18(c). An RF notch filter response is synthesized af-
ter signal mixing of the optical carrier, the engineered upper sideband and the unprocessed
lower sideband, as illustrated by the red trace in Fig. 6.18(c). Compared with the OC ring
resonance depicted by the black trace, the bandwidth of the filter is narrowed down to ∼60
MHz from 400 MHz, while achieving 60 dB notch suppression. It is worth noting that the
superposition of two broad optical resonances results in a linewidth narrowing of the RF filter
and at the same time a power increase of 6 dB in the passband compared to SSB modulation
method. Thus, the extinction ratio, bandwidth and passband insertion loss of the filter are all
decoupled and can be optimized simultaneously.
6.3.2 Demonstration of the Hybrid Filter
Fig. 6.19 depicts the experimental setup to demonstrate the proposed design principle of the
MWP filter. An optical carrier from a distributed feedback (DFB) (Teraxion Pure Spectrum
λ = 1550 nm) was modulated by RF signals driven by a vector network analyzer (Agilent
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PNA 5224A), generating two equal-amplitude and in-phase optical sidebands via an intensity
modulator (IM). The modulated light was then coupled into an OC ring fabricated using low
loss TriPleX (Si3N4/SiO2) technology [16]. The ring has a free-spectral range (FSR) of 26
GHz and exhibited a low propagation loss of ∼ 0.1 dB/cm. The chip was equipped with
on-chip tapers, leading to 7.5 dB fiber-to-fiber insertion loss. The amount of coupling, and
hence the Q-factor and rejection of the ring resonator can be tailored through thermo-optic
tuning, implemented using on-chip chromium heaters. We set the ring to an over-coupled
state with a 3-dB bandwidth of 390 MHz and a rejection of 10 dB.
Figure 6.19: Schematic of the experimental setup. IM, intensity modulator;
EDFA, erbium-doped fiber amplifier; PC, polarization controller; PD, pho-
todetector; VNA, vector network analyzer. The qualitative optical spectra,
denoted by the red points, are shown above the setup diagram.
Subsequently, the upper sideband was then processed by tailored SBS gain. An optical
pump generated by DFB Laser 2 (Teraxion Pure Spectrum) was sent to a 4.46-km-long stan-
dard single-mode optical fiber to induce SBS gain. The frequency of Laser 2 was set higher
than the resonance frequency of the OC ring resonance by 10.7 GHz (typical Brillouin fre-
quency shift in the fiber [232]), as shown by the spectra in Fig. 6.19. Prior to launching,
the pump laser was dual-sideband modulated using an IM driven by an RF signal (25 MHz
frequency) generated by an RF source (Tabor, WW1281A), generating symmetric sidebands
as SBS pumps. The relative strength of the pump carrier and the sidebands can be tuned
by changing the bias voltage to the IM. The frequency spacing between the carrier and each
sideband is set by the tone of the modulated RF signal. As a result, the SBS gain is flexibly
tailored in both amplitude and bandwidth, which can compensate the amplitude suppression
induced by the OC ring resonance, and contribute to a steeper synthesized phase transition
while keeping the phase shift of pi at the center frequency. The processed optical signal came
out of port 3 of the circulator, and was then amplified by a low-noise Erbium-doped fiber am-
plifier (EDFA, Amonics). The signal was detected by a high-speed photodetector (PD, u2t
XPDV2120). By mixing of the engineered upper sideband and unprocessed lower sideband
along with the optical carrier via photodetection, the RF spectrum of the MWP filter was
acquired by the VNA. For all measurements, the photocurrent of the PD was ∼10.95 mA.
The VNA measured the RF spectrum directly without data normalization, with a resolution
bandwidth of 1 kHz.
The amplitude responses of the OC ring and the SBS-compensated spectrum are depicted
in Fig. 6.20 (the black trace and the blue trace, respectively). These responses were measured
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Figure 6.20: Measured spectra of the MWP notch filter, the OC ring, and the
SBS gain and OC ring.
using single-sideband modulation. It can be seen that the amplitude suppression induced by
the OC ring resonance was compensated by the tailored SBS gain, as expected from the
simulations shown in Fig. 6.18. After mixing the two sidebands and the optical carrier
from Laser 1, an RF notch filter was generated with 55 dB suppression and 60 MHz spectral
resolution, as shown by the red line in Fig. 6.20. Note that these transmission traces are not
normalized. The RF transmission in the passband of the red trace was improved by nearly 6
dB, in comparison with the black trace based on SSB modulation, which is attributed to the
constructive interference in the passband. Overall, the notch filter reported here exhibited an
RF gain. This is in contrast to previously reported RF-interference-based notch filters that
typically exhibited more than 30 dB of insertion loss across the passband [60, 234, 272].
It is worth noting that the SBS amplification process also amplifies the spontaneous ther-
mal phonons, resulting in amplified spontaneous noise located at the Stokes frequency. How-
ever, this SBS-induced noise locates in the stopband of the filter response instead of in the
passband. Thus, the SBS gain process will not deteriorate the signal-to-noise ratio of the RF
signal in the passband. In other words, the noise figure of signal of interest is free from the
SBS-induced noise.
6.3.3 Demonstration of Bandwidth and Frequency Tunability
Further experiments were carried out to demonstrate the flexibility and feasibility of this ap-
proach by synthesizing high-resolution MWP bandstop filter responses, which are also ben-
eficial for adaptive RF spectrum management. The relative amplitude of the two sidebands
and the optical carrier were optimized for SBS pumping.
By simply increasing the RF modulation frequency applied to the IM for the pump laser,
broader bandwidth SBS gain responses can be formed, providing broadband amplitude com-
pensation while maintaining broadband out-of-phase relation. The broadband amplitude and
phase tailoring leads to a broadband RF cancellation, forming a bandstop filter response.
By varing the RF modulation frequency, MWP bandstop filters were realized with a 3-dB
bandwidth ranging from 100 MHz to 220 MHz, and suppression varying from 40 dB to 23
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Figure 6.21: Measured spectra of (a) MWP bandstop filters with several 3 dB
bandwidths and (b) 10 dB shape factors ofMWP bandstop filters at different
3 dB bandwidths.
dB, as shown in Fig. 6.21(a). This tuning process is much simpler than that of IMWP filter
based on only Si3N4 where precise tuning and alignment of two sidebands are required. Fig.
6.21(b) shows the 10-dB shape factor (SF10−dB) of the bandstop filters, which is defined as
the ratio of the 10-dB bandwidth to the 3-dB bandwidth. An ideal rectangular filter will have
a shape factor of 1. The measured SF10−dB is 1.120 ± 0.066, descending from 1.186 to 1.071
when the bandwidth varies from 100 to 220 MHz. The SF10−dB decreases as the bandwidth
of the stopband decreases, since the edge roll-off of the bandstop filer is mainly determined
by the intrinsic Brillouin bandwidth. In simulations, the SF10−dB of a bandstop filter with 220
MHz is 1.09, assuming a typical intrinsic Brillouin bandwidth of ∼ 30 MHz in the optical
fiber. This indicates that our bandstop filters preserved very good square shapes compara-
ble to recent works that reported SF10−dB of 1.09 [234] and 1.1 [428], respectively. From
the measured results, the RF signals in the passband are able to avoid losses over the whole
circuit, which is critical to maintain a good SNR and to reduce the power penalty for MWP
signal processing systems. By applying optimized tailored SBS pumps, a deeper rejection is
possible to be obtained. And it is promising for the development of GHz-bandwidth filters
through adding more SBS pump lines.
The frequency agility is also a key performance for cognitive RF systems that can adapt
operating frequencies to the idle spectrum dynamically and efficiently. The frequency agility
of MWP filters was demonstrated by showing the central frequency tunability. This was
achieved by tuning the frequency of Laser 1. The central frequency of both the notch filter
and the bandstop filter was tuned from 1 GHz to 11 GHz, which is roughly half of the FSR
of the OC ring (∼ 26 GHz), since we used the simple dual-sideband modulation. During the
frequency tuning, the suppression and 3-dB bandwidth of the notch filter were kept > 55 dB
and 60 MHz as shown in Fig. 6.22(a), while those of the bandstop filter remained as > 21
dB and 140 MHz, respectively, as depicted in Fig. 6.22(b). Critically, over the entire tuning
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range the filter insertion loss stays below 0 dB. The roll-off baseline in the RF amplitude
response is attributed to the decaying frequency response of the intensity modulator and the
RF cables towards high RF frequencies.
Figure 6.22: Measured spectra of (a) MWP notch filters and (b) MWP band-
stop filters with different center frequencies. The 3 dB band- widths of the
notch and bandstop filters are 60 and 140 MHz.
Furthermore, we compared the performance of our filter with previously reported state-
of the-art RF photonic notch and band-stop filters in terms of insertion loss, peak rejection
and resolution, as summarized in Table 6.3. In terms of RF insertion loss, our MWP fil-
ter shows a significant advantage over other reported work, reducing to 0 dB from -30 dB
[53, 60, 101, 234, 272]. This improvement benefits from the 6-dB gain in RF power due
to the constructive interference, which can almost counteract the losses induced by the pho-
tonic link. The stopband suppression of >55 dB is also competitive with the state-of-the-art
records [53, 272] of > 60 dB. In contrast to ring-resonator-based MWP filters [126, 272], the
resolution of our filter exhibits an improvement of at least one order of magnitude, which is
comparable with the high-resolution SBS-based MWP filters. Potentially, the stopband reso-
lution can be flexibly broadened to hundreds of MHz or the level of GHz, through SBS gain
engineering. These comparisons indicate that our filter exhibits distinct overall advantages
over the reported work. Additionally, for the configuration of this MWP filter, the simple and
stable IM was used without any additional pre-operation on sidebands, which is superior to
schemes that utilized unbalanced sidebands based on DPMZM [60, 130, 234, 272], and SSB
modulation [126, 135, 373, 425] obtained by optically filtering one sideband. Although the
current demonstration mainly focuses on achieving advanced filter functions and high link
gain, it should be noted that the link architecture presented in Section 6.2.2 can be applied to
achieve a low noise figure and dynamic range.
This novel technique provides a new strategy towards high-performance MWP filters,
by combining the advantages of linear and nonlinear optics. The demand for miniaturized
MWP systems has motivated the development of fully-integrated platforms which enable
multi-functionalities such as laser sources, modulation, signal processing and photodetection
[106]. However, achieving large SBS gain on an integrated platform is critical to realize an
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Table 6.3: Comparison of loss, suppression and resolution among reported
MWP Filters.
Technology Insertion Loss (dB) Suppression (dB) Linewidth (MHz)
This work 0 >55 60-220
SBS on chip [60] -30 >55 33-88
SBS in fiber [234] -55 >20 13-1000
Photonic crystal [101] -45 >50 1000
Frequency comb [53] -40 >60 170
Si3N4 ring [272] -30 >60 247-850
Silicon ring [427] N/A >40 6000
ultra-compact MWP filter. Recently, a giant SBS gain > 50 dB in on-chip Chalcogenide
rib waveguides has been demonstrated by our group [330]. Future steps would include the
integration of ring resonators with a high gain SBS medium to realize a compact RF photonic
device, which will be presented in Chapter 7.
In conclusion, lossless and frequency-agile MWP filters for signal suppression were de-
signed and demonstrated, simultaneously combining critical metrics of ultra-high rejection,
narrow resolution, and negligible RF insertion loss that releases the primary limit of practical
applications of MWP filters. These significant improvements rely on the combination of a
passive OC ring resonator and the optical nonlinearity SBS, with the added stability given
by the intensity modulation. The simple scheme shows a great potential to achieve a fully-
integrated photonic chip for high-performance and versatile MWP systems, which paves the
way to compact and smart MWP devices for modern adaptive and cognitive RF systems.
6.4 Conclusion
In this chapter, we introduced two types of chip-based MWP notch filters based on purely
Si3N4 ring resonators, and the combination of a Si3N4 ring resonator and the nonlinear optical
effect SBS, respectively. Both of them rely on the simple IMDD link configuration, exhibiting
a low link complexity and compatibility with the existing link optimization technique. The
novel localized interference technique allows for achieving ultra-deep notch response, while
maintaining strong RF filter passband. However, these two filters exhibit different features
in terms of tunability and filter response, due to the distinct approach in constructing optical
transfer functions, as discussed in Section 3.3.3 in Chapter 3.
The IMWP notch filter based on UC and OC Si3N4 ring resonators achieves a record-
high link performance, while preserving complete and advanced filter functionality. This
level of overall performance is achieved by employing the low-biasing modulation technique
and judicious distributed optical amplification for link performance optimization, which is
systematically studied in this chapter. This filter for the first time bridges the efforts to im-
plement chip-based MWP systems with the efforts to achieve the target link performance,
inspiring the development of high-performance IMWP filters and subsystems.
The hybrid filter concept is demonstrated, to further enhance the filter tunability, recon-
figurability and spectral resolution. It achieves a tunable bandstop filter response with a
bandwidth of from 60 MHz to 220 MHz, sustaining a square filter shape. The tunability and
reconfigurability outperforms the former filter only based on Si3N4 resonators. However,
the key devices in this hybrid filter scheme is based on discrete optical components, i.e. an
integrated Si3N4 ring resonator and SBS response in a 4.6-km-long optical fiber. To take
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this concept to the next level, i.e. on-chip realization, the integration of linear devices and
nonlinear circuits on the same photonic chip is strongly desired but challenging.
Outlook: Device Performance for Fully-Integrated MWP Filters
We have demonstrated an optimized record-high link performance for a chip-based MWP
filter, using discrete components in the link, such as the DFB laser, the MZM, the EDFAs
and the photodetector. Here, we consider the available approaches to further improve the
link performance of the current chip-based MWP and discuss the limits and challenges of
the future realization of the good link performance in the full-integrated microwave photonic
filters.
For the current filter demonstration based on a photonic chip and commercial discrete
components, the optimized NF and SFDR have not met the target performance required for
practical applications. One of the main underlying issues of the performance gap is the
intensity noise in the MWP link, which directly limits the further reduction in noise figure
and the increase of SFDR. The balanced detection technique is promising to minimize the
intensity noise [163]. Two signals with the same amplitude but opposite modulation phases
are detected by two photodetectors in a balanced detection configuration, respectively. As
a result, the signal of interest can sum up constructively while the common intensity noises
are subtracted. This approach is effective to shift the link from the RIN-noise-limited regime
to the shot-noise-limited regime, resulting in a lower NF and a high SFDR. On the other
hand, the linearization of modulation can reduce the intermediate distortion, based on dual
MZMs that produce the nonlinear distortion with the same strength but opposite signs [156].
Therefore, the distortion can add up destructively, resulting in a higher SFDR. Applying a
low-noise RF preamplifier can yield a low NF, however it will lead to the reduction in the
dynamic range.
For the emerging fully-integrated microwave photonic filters where laser sources, mod-
ulators, functional circuits and photodetectors are integrated on the same chip, the link per-
formance is also crucial for the future and existing RF systems, in conjunction with the
miniaturized footprint desired for SWaP-C sensitive applications that require lightweight and
compactness. Another equally important advantage of fully-integrated photonic circuits is the
negligible connection losses between components, which can improve the link gain and relax
the requirement of high-power optical sources and amplifiers that we used in our demonstra-
tion. To date, the link performance of prototypes of all-integrated filters [224] is still below
that of the filter reported in this work. The key reason for this performance gap is the lim-
ited qualities of 1) on-chip light sources with a high power and a low RIN, 2) electro-optic
modulators with a low half-wave voltage, and 3) high-efficiency photodetectors with a high
responsivity, compared with the performance of commercial discrete components.
Table 6.4: Parameters used for link performance calculations.
Symbol Notes Value
Pin Laser power 150 mW
γ Photodetector responsivity 1 A/W
Vpi,DC DC half-wave voltage 6.4 V
Vbias DC bias of MZM 0.72 V
φbias Bias angle 0.113 rad
Llink Optical link loss 3 dB
T Measurement temperature 300 K
R Matched photodetector impedance 50 Ω
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To study and understand the challenges and feasibility of implementing a high-performance
fully-integrated MWP filter, we performed calculations to predict the expected qualities of
on-chip components to approximate the level of link performance we have shown here. In
calculations, we consider a fully-integrated MWP filter circuits only consisting of a laser
source, an MZM, two cascaded rings (assuming no loss in the passband) and a photodetector,
without using EDFA for power compensation due to the negligible connection loss in the
circuit. The removal of an EDFA also avoids ASE noise that otherwise degrades the noise
figure. We performed calculations of link performance based on a low-bias configuration,
using parameters listed in Table 6.4 and sweeping the values of the laser RIN and modulator
Vpi,RF .
From the calculations shown in Fig. 6.23, to achieve the same level of link performance
demonstrated in this work, the calculations suggest an on-chip laser with an output of 150
mW and a RIN of -150 dBc/Hz to maintain the RF link gain with low RIN noise. An on-
chip MZM with a low Vpi,RF and an integrated PD with a high responsivity ∼ 1 A/W are also
desired to achieve a high RF link gain. To meet or exceed the target performance, better spec-
ifications need to be achieved, including a lower-RIN and high-power optical source, a lower
Vpi,RF and more linear modulator, and a higher detector responsivity. It should be noted that
the decrease of Vpi,RF will lead to a lower dynamic range, as shown in Fig. 6.23(c). There-
fore, reducing Vpi,RF should not be the only way to increase the RF link performance. The
linearization of MZM will also play a key role to achieve a high SFDR for IMWP systems,
which introduces a new freedom to optimize the overall link performance.
(a) (b)
(c)
Figure 6.23: Calculated link performance including (a) noise figure, (b) link
gain and (c) SFDR3 of a prospective monolithically integrated microwave
photonic filter, as a function of the laser RIN and the half-wave voltage for
RF signals.
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Chapter 7
Integration of Brillouin Circuits with
Functional Devices
The concept of combining SBS with functional photonic devices on the same photonic chip
is expected to establish a paradigm-shifting approach to achieving high-performance IMWP
processors, as discussed in Chapter 6. To achieve this goal, this chapter presents integrated
photonic platforms that incorporate SBS circuits and functional optical devices. For a proof-
of-concept demonstration, we revisit the MWP filter scheme based on linear and nonlinear
optical effects (Chapter 6) and demonstrate its implementation using ring resonators and
Brillouin-active waveguides on the same photonic chip. To further unleash the full strength
of this new concept, a hybrid integrated platform consisting of silicon devices and Brillouin
circuits is developed, enabling new possibilities for IMWP signal processing.
The contents in this chapter are based on the following publications:
• Y. Liu, A. Choudhary, G. Ren, K. Vu, B. Morrison, A. Casas-Bedoya, T. G. Nguyen,
D. Choi, A. Mitchell, S. J. Madden, D. Marpaung, and B. J. Eggleton, “Integrating
Brillouin processing with functional circuits for enhanced RF photonic processing”,
International Topical Meeting on Microwave Photonics (MWP) (2018), pp. 1–4. DOI:
10.1109/MWP.2018.8552914
• Y. Liu, A. Choudhary, G. Ren, D.-Y. Choi, A. Casas-Bedoya, B. Morrison, P. Ma, T. G.
Nguyen, K. Vu, A. Mitchell, S. J. Madden, D. Marpaung, and B. J. Eggleton, “On-Chip
Backward Inter-modal Brillouin Scattering,” Conference on Lasers Electro-Optics 1,
STh1J.4 (2019).
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7.1 Introduction
On-chip circuits based on linear and nonlinear optical effects have shown tremendous po-
tentials for MWP signal processing applications, and have attractive advantages. To achieve
more advanced functionalities, we need to explore the possibility of combining the strength
of different types of on-chip photonic devices.
Photonic integrated circuit (PIC) technology has created a rich collection of on-chip lin-
ear optical devices, such as ring resonators, directional couplers, modal/polarization couplers,
interferometers, power splitters, wavelength/modal multiplexers(demultiplexers) and arrayed
waveguide gratings, as shown in Fig. 7.1. These functional photonic devices have enabled
a wide range of MWP applications, such as signal filtering, phase shifting, signal routing,
spectrum channelization and modal conversion. These functionalities are achieved based on
the linear optical effects, such as evanescent light field coupling (couplers and multiplexers),
structural resonance (resonators), light field interference (interferometers and array waveg-
uide gratings). However, these achieved functionalities and device performance heavily rely
on the structural complexity. Meanwhile, important functionalities including signal amplifi-
cation are missing in these linear scheme.
△φ
Acoustic wave
Coupler
2×2 Ring Resonator1×1 Ring Resonator
Interferometer/Splitter
Multiplexer/DeMultiplexer Arrayed Waveguide Grating
Functional Optical Devices Nonlinear Brillouin Device
Figure 7.1: Examples of on-chip functional devices based on linear opti-
cal devices and on-chip Brillouin device. Linear optical devices provide
various important functionalities, enabled by different and complex device
structures. However, critical functionalities including signal amplification
are absent in these devices. In contrast, on-chip Brillouin circuits can provide
signal amplification and narrowband signal filtering, using simple waveguide
geometry with a much lower structural complexity.
On-chip devices based on nonlinear optical effects can achieve advanced MWP func-
tionalities that on-chip linear devices cannot produce [22, 118]. As one of the strongest
nonlinear optical effects, SBS in photonic circuits can be simply implemented in a form of
planar waveguides, as depicted in Fig. 7.1. In the presence of an optical pump, the on-chip
SBS process is able to induce a narrowband optical gain resonance with a linewidth of tens of
MHz, achieving the same level of spectral resolution as ultra-low-loss optical cavities [216]
but with much less structural complexity [248]. As discussed in Chapter 4, on-chip SBS
can provide optical responses which are complementary to those of on-chip linear optical
devices, typically integrated ring resonators. However, on-chip Brillouin circuits can only
achieve limited functionalities, compared with aforementioned functional devices.
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Figure 7.2: Schematic of a new class of IMWP processors that integrates
a Brillouin photonic processor and functional photonic devices on the same
photonic chip, providing enhanced performance and unique functionality.
To unlock the full potential of the on-chip Brillouin processing, Brillouin circuits should
be integrated and paired with existing functional integrated photonic devices, as schemati-
cally shown in Fig. 7.2. The well-developed functional devices can offer numerous func-
tionalities for signal routing, splitting, combining and coarse filtering. On the other, on-chip
SBS can be used to handle the key processing of MWP signals, providing signal amplifica-
tion and high-resolution spectrum filtering. Moreover, the complementary optical response
of on-chip SBS and other functional devices can be synthesized to construct exotic transfer
functions for MWP applications, as discussed in Chapter 3 and Chapter 6. The on-chip so-
lution also shows reduced device interconnection loss and enhanced stability, compared with
the scheme using discrete photonic components [429]. Therefore, the on-chip integration of
Brillouin processing units with functional photonic devices is promising enable a new class
of IMWP platforms with advanced functionalities, high performance and low interconnection
losses.
The integration of functional circuits with high-performance optical nonlinearity ele-
ments remains challenging, as the waveguide material must satisfy demanding requirements
including low propagation loss, high optical nonlinearity, and low stiffness to efficiently in-
duce SBS. As2S3 is a promising material platform for the simultaneous integration of func-
tion devices and Brillouin circuits, due to the demonstrated low propagation loss of < 1
dB/cm and high Brillouin gain coefficient of > 500 m-1W-1, as discussed in Chapter 4. With
such satisfactory properties, the hybrid MWP filter scheme proposed in Chapter 6 can be
realized using a single integrated photonic circuit, rather than the cascade of a discrete Si3N4
photonic chip and a 4.6-km-long optical fiber.
For future applications of integrated Brillouin processors, it is of great importance to
achieve the mass production of large-scale photonic circuits which incorporate more com-
plicated functionalities and active on-chip photonic components. These requirements lead to
the desire of silicon-based Brillouin processors. However, SBS in silicon chips is limited to
sub-10-dB level by the nonlinear optical losses at high optical pump powers, although re-
markable progress has been made to achieve silicon-based Brillouin circuits [321, 322]. To
surpass this limit, the hybrid integration of As2S3 on a silicon-based chip is recently pro-
posed and demonstrated [207, 430]. In this hybrid platform, the SBS processing unit (As2S3
waveguide) is separated from the silicon devices. The SBS process is no longer limited by the
nonlinear optical losses in silicon, as the silicon waveguide is only a few millimeter long. As
shown in Fig. 7.3, the silicon grating couplers are only used to couple the light into and out of
the chip through fiber-to-chip coupling, and tapered silicon waveguides are utilized to deliver
the light in the As2S3 waveguides. This demonstration made the first viable step to As2S3-
Silicon hybrid integration technology, paving the way to realize efficient Brillouin processor
in silicon-based photonic circuits, as well as new applications such as high-spatial-resolution
sensing [431–433]. However, in this hybrid platform, silicon components did not provide any
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signal processing functionality. The full potential of this hybrid integration platform needs to
be further explored and demonstrated.
Figure 7.3: Integrated As2S3-Silicon hybrid photonic chip. (a) The
schematic of the As2S3-Silicon hybrid circuit. The silicon grating cou-
plers are used as the input and output of the chip, through fiber-to-chip
coupling. The coupled light is adiabatically guided to the the single-modal
nanowires though tapered silicon waveguides. In the Silicon-to-As2S3 re-
gion, the single-modal silicon nanowire is further tapered to a width of 150
nm to expand the optical mode in silicon adiabatically to the fundamental
optical mode of the As2S3 spiral waveguide. (b) The scanning electron mi-
croscopy (SEM) image of the Silicon-to-As2S3 overlap region before being
sputtered with SiO2 cladding. (c) The schematic cross section of waveguide
in Silicon-to-As2S3 waveguide. (d) SEM image of the As2S3 cross section
with SiO2 cladding. Figures are reproduced from reference [207]
In the following section, we revisit the novel MWP filter scheme discussed in Section 6.3,
and demonstrate an IMWP notch filter based on an As2S3 photonic chip that integrates SBS
circuits and ring resonators. In a later section, we present the first demonstration of on-chip
backward inter-modal SBS, which justifies the unprecedented potential of the As2S3-Silicon
hybrid integrated photonic circuit.
7.2 IMWP Notch Filters using On-Chip SBS and Ring Resonators
In this work, we implemented a hybrid notch filter scheme in an As2S3 photonic chip, as
shown in Fig. 7.4. In this demonstration, the SBS process and the (over-coupled) OC ring
resonator are both achieved in the centimeter-scale photonic chip, in contrast to the earlier
demonstration using two discrete optical devices (a Si3N4 photonic chip and 4.6-km-long op-
tical fiber) shown in Section 6.3. This on-chip implementation significantly enhances com-
pactness and robustness, while sustaining all the attractive advantages including the deep
suppression, the high resolution, the filter shape tunability and the employment of a simple
modulation configuration. This proof-of-concept demonstration makes the first step towards
high-performance MWP signal processing using on-chip linear and nonlinear optical effects.
7.2.1 Principle of Operation
The principle of the filter scheme is constructing a localized pi phase-shift-only optical trans-
fer function, using the complementary optical responses of an OC ring resonator and SBS
responses. The localized pi phase inversion and unchanged amplitude on one optical side-
band will form a localized destructive RF interference via photodection. The mathematical
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Figure 7.4: Schematic of the IMWP notch filter demonstrated in this work,
consisting of an over-coupled ring resonator interconnected with a Brillouin
waveguide providing SBS gain resonance.
derivations of this principle were provided in detail in Section 3.3.3. The basic principle has
been discussed in Section 6.3. Here, we only present a brief explanation of the filter scheme.
As shown in Fig. 7.5, the input RF signal is encoded in the optical domain through the
intensity modulation, forming dual in-phase sidebands with equal amplitudes, as illustrated
by the spectrum diagram at spot A. In the on-chip photonic processing, an over-coupled (OC)
ring resonance processes the upper sideband at the frequency of ωc + ωRF , generating an
amplitude suppression and a 0-to-2pi phase transition across the resonance (pi-phase inversion
at the resonance frequency), as shown by the spectrum diagram at B.
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Figure 7.5: Schematic of the implementation of an IMWP notch filter that in-
tegrates an over-coupled (OC) integrated ring resonator and an SBS unit. The
spectra at different positions noted by A, B and C in the link are illustrated.
E-O: electrical-to-optical conversion; O-E: optical-to-electrical conversion.
Subsequently, a counter-propagating optical pump is injected into the photonic chip
through the other end facet, to induce SBS. The induced Brillouin gain resonance produces
an optical gain resonance around the frequency of ωc + ωRF . The SBS gain resonance im-
parts amplitude amplification to balance the amplitudes of the two sidebands, at the same
frequency offset from the optical carrier, as illustrated by the spectrum diagram at C. A small
phase response is also introduced by the SBS gain, but it does not change the pi-phase inver-
sion at ωc +ωRF . It should be noted that the SBS pump is located at frequencies outside the
ring resonator’s resonance, so that the SBS process is avoided in the ring resonator.
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The processed optical signal is transmitted out from the photonic circuit and is col-
lected by a photodetector. Via photodetection, an ultra-deep notch at ωRF in the RF domain
is formed due to the localized destructive RF interference. This occurs since the optical
sideband amplitudes are matched but with a pi-phase difference between two sidebands at
ωc ±ωRF . In contrast, constructive interference is formed in the RF passband. The use of the
intensity modulation avoids any complicated sideband pre-processing, and potentially allows
for the link performance optimization introduced in Chapter 3 and Chapter 6.
7.2.2 Circuit Design and Fabrication
This design of the key devices and the fabrication process of the integrated As2S3 photonic
circuit are discussed in this section.
Over-Coupled Ring Resonator
The integrated photonic circuit used in this work consists of two critical photonic devices:
one OC ring resonator and the Brillouin waveguide, as shown in Fig. 7.4. However, the
integration of both the passive ring resonator and the active Brillouin units on one chip is
challenging, as it raises the requirements of an integrated platform that yields low losses, a
high SBS gain and low nonlinear optical losses. Fortunately, the integrated As2S3 photonic
chip offers a promising platform to accommodate both low-loss devices and efficient SBS
units with a low fabrication complexity. In this work, the main target in the photonic circuit
design is to achieve a ring resonator operated in the over-coupled regime with low losses.
Figure 7.6: Schematics of (a) the OC ring resonator and (b) the cross section
of the directional coupler in the ring resonator. The feature sizes of each
critical parts of the ring resonator are marked. (c) The simulated coupling
strength of the directional coupler with a coupling length of 150 µm.
Fig. 7.6(a) shows the schematic topology of the OC ring resonator. The ring resonator is
design to have a circumference of ∼ 3.5 mm, producing an FSR of ∼ 30 GHz. The waveguide
width of the ring resonator is 2.6 µm which is larger than the width (1.9 µm) of the bus
waveguide. The larger width of the ring is used to reduce the light propagation loss caused
by the sidewall scattering [218, 434, 435]. A directional coupler is used in the coupling
regime in the ring resonator, with a length of 150 µm. The waveguide thickness for the
entire chip is optimized to 0.68 µm, taking into account the waveguide loss and optical mode
numbers. In practical fabrication, a spiral topology is used to achieve a compact footprint of
the ring resonator, with an optimized bend radius of 30.2 µm to reduce bend losses.
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The waveguide width of the directional coupler is designed as 0.85 µm for each waveg-
uide, as shown in Fig. 7.6(b). The narrower waveguide width can provide stronger evanescent
field coupling between the two identical waveguides, as there is more evanescent light field
existing outside the waveguide. In the meantime, the coupler waveguide in the ring resonator
can be used as a modal stripper, since 0.85 µm is close to the cut-off width for higher-order
optical modes, as shown in Fig. 4.6(d). Therefore, there is only the light in the fundamental
optical mode circulating inside the ring resonator.
From the discussion and simulation in Section 3.2, controlling the cross-coupling coeffi-
cient between the ring resonator and the bus waveguide is the key to manipulate the coupling
state of the ring resonator. In order to find an optimized coupler gap to allow for the strong
coupling, numerical calculations were performed to predict the cross-coupling strength. Ac-
cording to the coupled-mode theory [436–438], the cross-coupling strength, i.e. the fraction
of coupled power to the other waveguide, is given by
t2 =
Pcoupled
P0
= sin2(C · L), (7.1)
where Pcoupled is the coupled power at the input power of P0, L is the coupler length. C is the
coupling coefficient given by
C =
pi∆ne f f
λ
, (7.2)
where λ is the optical wavelength and ∆ne f f is the effective refractive index difference of the
symmetric and asymmetric supermodes.
Using FEM simulations, ∆ne f f can be obtained for the waveguide cross section shown
in Fig. 7.6(b). Using Eqs. 7.1 and 7.2, the coupling strength as a function of the coupler gap
is calculated, as shown in Fig. 7.6(c). Using the measured waveguide propagation loss αdB
of 0.7 dB/cm, the power round-trip loss lloss = 1− exp(−αlinear · L) (see Eq. 3.23 in Chapter
3) is depicted by the dashed line. This dashed line intersects with the curve of the coupling
strength at a coupler gap of 630 nm, indicating a critical point for the coupling state of the
ring resonator. As discussed in Section 3.2, when the cross-coupling strength is stronger than
the round-trip loss, the ring is operated in the OC regime. Therefore, the coupler gap needs
to be smaller than 630 nm. Taking into account the deposition of silica cladding, the coupler
gap is chosen as 550 nm, enabling strong coupling with a relatively short coupler length of
150 µm.
Circuit Fabrication
Fig. 7.7 depicts the fabrication process of the As2S3 photonic circuits used in this work. The
As2S3 thin film was deposited via thermal evaporation. Raw As2S3 material (Amorphous
Materials, Garland, Texas, USA) was placed in an electrically heated Tungsten boat in a
chamber at a low base pressure of 3 × 10−7 Torr. The thin film was deposited on <100>
oriented 100 mm thermal oxide silicon wafer. The wafer was mounted on a carousel which
was rotated during the deposition process, resulting in a thickness uniformity of less than 1
%. The deposition rate was controlled to be constant at 0.1 nm/s. The total film thickness
was 680 nm. The waveguide pattern was printed using electron-beam lithography. The
As2S3 waveguides were fully etched by the inductively-coupled plasma dry etching in an
Oxford Plasmalab 100 ICP RIE system using a mixture gases of CHF3, O2 and Ar gases.
For protection and acoustic confinement, a 1 µm of SiO2 upper-cladding was deposited via
sputtering process [439]. The fabrication was done by collaborators from Laser Physics
Centre in The Australian National University.
Fig. 7.8(a) shows the microscope image of the fabricated As2S3 photonic chip consisting
of an array of devices. Each device incorporates a ring resonator followed by a 4-cm-long
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Figure 7.7: Schematic of the fabrication process of the As2S3 waveguide.
Brillouin spiral waveguide. The ring resonators and SBS waveguides are designed in a spiral
form to increase compactness. Fig. 7.8(b) and (c) show one of the ring resonators and
the directional coupler in the coupling region. The coupler length, waveguide width and
the coupler gap follow the dimension suggested by the design in the above section. The
adiabatic tapers were used to reduce the transition loss from the 2.6-µm wide ring waveguide
to the few-mode waveguide in the directional coupler.(a)
(b)
(c)
(d) (e)
Ring Resonator SBS Waveguide
1.9 μm
0.68 μm
550 nm gap
200 μm
100 μm 30 μm 
bend radius
Figure 7.8: Microscope images of (a) an array of the OC ring resonator
cascaded with a subsequent SBS spiral waveguides on the As2S3, (b) An
OC ring resonator, (c) the zoomed-in directional coupler with 0.85-µm-wide
waveguides of the resonator for light coupling, and (d) the waveguide bends
in the SBS spiral waveguide. (e) An SEM image of the cross-section of the
1.9-µm-wide As2S3 waveguide before the silica cladding was sputtered.
The ring resonator has a total length of ∼ 4.7 mm, resulting in a measured free-spectral
range of ∼ 30 GHz. Waveguide bends in the Euler spiral shape with a radius of 30.2 µm
is used in the spiral SBS waveguides, as shown in Fig. 7.8(d). The bend curvatures of the
Euler bends is linearly changed as a function of the bend length, which allows for adiabatic
optical mode propagation with minimized radiation losses and mode cross-coupling [440].
The SBS waveguides with a cross-section size of 1.9 µm × 0.68 µm allow for high SBS gain
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and low propagation losses, as shown by the scanning electron microscopy (SME) image in
Fig. 7.8(e). Waveguides with the same size are also used for on-chip interconnection and
routing to both ends of the chip for the end-fire optical coupling. The overall insertion loss
of the Brillouin chip is ∼ 18 dB, consisting of coupling losses of ∼7 dB per facet and overall
propagation loss of ∼ 1 dB/cm (including the bend losses).
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Figure 7.9: Measured S21 responses of (a) the OC ring resonator and (b)
the SBS gain resonance around the optical wavelength of 1550 nm. The fre-
quency in the x-axis is normalized to the resonance frequency. (c) Measured
gain coefficient of the dominant gain peak at lower frequency down-shifted
from the optical pump frequency by 7.6 GHz.
7.2.3 Results and Discussion
Based on the aforementioned design principle and fabricated device, this section presents the
device characterization, experimental filter realization, and the link performance evaluation.
Device Characterization
Fig. 7.9(a) shows the optical resonance of the ring resonance. The ring resonator exhibits
a 3-dB linewidth of ∼ 3 GHz, corresponding a loaded Q factor of ∼ 0.5×105. The phase
response of the OC ring shows a phase transition from 0 to 2pi with a pi phase shift at the
resonance frequency. These measured results indicate that the ring resonator is operated in
OC state, as predicted by the simulation shown in Fig. 7.6(c). Fig. 7.9(b) presents measured
SBS gain resonance. The dominant gain peak shows ∼ 12 dB SBS gain and maximum ± 40
degree phase shift, at an optical pump power of 150 mW. A higher SBS gain beyond 20 dB
can be achieved using a higher pump power, however the maximum gain is limited by the
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highest pump power of 400 mW that the chip can tolerate. The existence of SBS gain peaks
at adjacent frequencies is induced by different acoustic waves. Here, we mainly focus on the
optical response generated by the main peak. The SBS gain coefficient of the dominant peak
is characterized, showing a gain coefficient of 648.2 m−1W−1. The gain coefficient is in line
with the results of As2S3 waveguides of the same dimension [207].
From Fig. 7.9(a) and (b), the optical responses of the OC ring resonator and the SBS
gain resonance are complementary. The OC ring produces amplitude suppression, while the
SBS process generates amplification. On the other hand, the OC ring shows a pi phase shift
at the resonance frequency, while the phase response at the SBS resonance frequency is zero.
These complementary optical resonance can be superposed, to approach the desired optical
response discussed in Section 6.3. However, there exists a large mismatching in the 3-dB
bandwidths of the OC ring resonator (∼ 3 GHz) and the SBS gain response (∼ 40 MHz).
This is different from the case in Section 6.3, in which the OC Si3N4 ring resonator produces
a 3-dB linewidth of ∼ 400 MHz. In current work, the much larger 3-dB bandwidth of the OC
ring resonator will lead to a broader 3-dB bandwidth of the synthesized MWP notch filter.
Experimental Implementation of the MWP Notch Filter
Fig. 7.10 shows the experimental setup for the demonstration of the chip-based MWP notch
filter, relying on the principle illustrated in Fig. 7.5. The output of the signal laser (Laser 1) is
intensity-modulated by the RF output of the vector network analyzer (VNA), generating two
in-phase optical sidebands with the same amplitudes. After being amplified by an optical
amplifier, the polarization of the modulated optical signal is adjusted by the polarization
controller, which allows for efficiently light coupling to fundamental TE mode of the photonic
circuit. An optical isolator is used to prevent the back reflection of the optical signal to the
signal laser (Laser 1). On the other hand, the CW optical pump generated by the pump laser
(Laser 2) is subsequently amplified by an optical amplifier. After passing through Port 1 of
the optical circulator, the counter-propagating optical pump is coupled to the chip via Port 2,
which will induce SBS gain resonance.
The upper sideband of the modulated optical signal is processed by cascaded optical
responses generated by the OC ring resonator and SBS response, following the scheme il-
lustrated in Fig. 7.5. The processed optical signal coming out from the photonic circuits
is collected by a photodetector (Finisar HPDV2120R, 0.55 A/W responsivity), after being
routed from Port 2 to Port 3 of the circulator. The circular is used to separate the counter-
propagating signal and pump waves. In the end, the detected RF signal is analyzed by the
VNA. It should be noted that a second intensity modulator and an RF source (AWG) in the
setup will be used to generate broader SBS gain response, by adding more optical pump lines.
In the experiment, an RF notch filter response was formed, by pairing the complementary
optical responses shown in Fig. 7.9(a) and (b). With a single-frequency optical pump, RF fil-
ter responses with a single notch suppression of more than 40 dB is synthesized, as the perfect
destructive interference merely occurs at the single frequency. However, the 3-dB bandwidth
of the RF notch responses is ∼ 3 GHz, much wider than the former demonstration using
Si3N4 with a bandwidth of 400 MHz. By only tuning the signal laser frequency (Laser 1),
the center frequency of the notch filter can be easily tuned from 0 to 14 GHz. The frequency
tuning range is limited by half of the ring resonator’s FSR, taking into account the periodic
ring resonance on the other sideband. The frequency tuning range can be further increased
by using short rings. The center frequency tuning is achieved without tuning the resonance
frequencies of the ring resonator and SBS response. This flexible tunability outperforms the
filter scheme based on dual-sideband processing introduced in Section 6.2. Although, the
MWP filter based on single-sideband modulation (Section 3.3.1) can achieve the same level
of tuning flexibility, but implementing single-sideband modulation causes increased system
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Figure 7.10: Experimental implementation of the chip-based MWP notch
filter with all the components contained in the dashed box. PC: polarization
controller; ISO: isolator; EDFA: Er-doped fiber amplifier; AWG: arbitrary
waveform generator; VNA: vector network analyzer; LNA: low-noise RF
amplifier.
complexity and RF loss. The hybrid filter scheme introduced here completely eliminate these
issues, enabled by the combination of linear and nonlinear optical devices.
(a) (b)
Figure 7.11: Measurement of the filter response of (a) MWP notch filters,
and (b) MWP bandstop filters at different center frequencies, with a 20-dB
bandwidth of 100 MHz. The bandstop filter response was formed by using
three optical pump lines with a frequency interval of 80 MHz.
Since SBS response can be optically programmable, the MWP filter response can be
reconfigured, by simply adding more pump lines. In the experiment, by feeding an RF tone
at 80 MHz to the intensity modulator in the pump side, the modulated optical pump consists
of two optical sidebands locating at both sides of the pump laser frequency. By tuning the DC
bias of the intensity modulator, the amplitudes of the optical pump carrier and two sidebands
can be tuned to be the same level. As a result, a broader SBS response will be produced
by the generated three pump lines with frequency equally spaced by 80 MHz, which will
be superposed with the optical response induced by the OC ring resonator. Based on the
same principle in Section 6.3, bandstop filter responses were implemented with a frequency
tunability over 14 GHz, as shown in Fig. 7.11(b). The measured 20-dB bandwidth of the
bandstop filter response is ∼ 100 MHz. However, the 3-dB bandwidth is still in the order of 3
GHz, limited by the broad resonance of the ring resonance due to the relatively high optical
losses in the ring. The filter bandwidth can be further narrowed down by using optimized
ring resonator designs with lower round-trip losses [217, 434]. The rejection and filter shape
of the bandstop filter response can also be improved by optimizing the broadband SBS pump
envelope, in conjunction with the increase of the pump power. However, this in turn requires
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the improvement of the power handling and the reduction in the waveguide losses, to achieve
higher available SBS gain on centimeter-scale photonic chip.
Link Performance Optimization and Analysis
An important feature of the hybrid filter scheme is the compatibility with the well-developed
link performance optimization techniques, typically low-biased intensity modulation in an
optically amplified MWP link [160]. In Section 6.3, it has been demonstrated that the MWP
filter based on the low-biased configuration can achieve a significantly improved link perfor-
mance. This approach is also applicable for the chip-based MWP notch filter in this section,
since the principle is essentially identical.
Frequency (GHz)
(a)
Frequency (GHz)
(b)
(c) (d)
Figure 7.12: Measured results of (a) MWP filter response at different cen-
ter frequencies with an optimized link performance, (b) overall link perfor-
mance of a notch filter response around 9 GHz, (c) two-tone test in the filter
passband at 5 GHz. (d) SFDR3 comparisons with and without the existence
of the SBS pump back reflection to the photodetector.
To achieve the link performance optimization, we must take into account the possible
issues of this chip-based MWP filter. The existing challenges are the relatively high total
insertion loss (18 dB), power handling (thermal damage) of the photonic chip and the limited
SBS gain. This is in stark contrast to the fiber-based hybrid filter scheme (Section 6.3),
in which the Si3N4 chip introduces only an insertion loss of ∼ 8 dB and a higher damage
threshold (> 400 mW) and the 4.6-km-long fiber is able to provide high SBS gain over an
200 MHz bandwidth.
These issues in the current photonic circuit results into a slightly different link config-
uration compared to our previous work in Section 6.3. As shown in Fig. 7.10. We used a
low-noise RF amplifier (LNA) (∼ 26 dB gain) to amplify the input RF signal to the intensity
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modulator to offset the high optical insertion losses including the fiber-to-chip coupling loss
and the on-chip waveguide propagation loss. The modulated optical signal was further ampli-
fied by an optical amplifier to 18 dBm, before being injected to the photonic chip. The use of
the optical amplifier is used to compensate the optical attenuation induced by the low-biased
intensity modulator.
As shown in Fig. 7.12(a), the link performance in the MWP filter passband was optimized
to a maximum level of -6 dB at 1 GHz, while perfectly sustaining the notch filter response
and frequency tunability. The roll-off baseline of the filter response is due to the increased RF
losses of the electric components at higher RF frequencies. Fig. 7.12(b) presents the overall
link performance of a notch filter response around 9 GHz shown in Fig. 7.12(a). In general,
the average link gain is in the level of - 10 dB, while it reduces to < -30 dB around the notch
frequency (∼ 9 GHz). The link gain is currently limited by the relative high insertion loss
of the photonic waveguide (18 dB). By optimizing the circuit design and fabrication process,
the total insertion loss can be reduced to 8 ∼ 10 dB which is the typical insertion loss of
integrated As2S3 photonic circuits [330]. The measured noise figure is > 20 dB, which is
attributed to the RF link loss and the electric noise. In the measurement, the photocurrent
was 7.97 mA which yields a measured noise power spectral density (PSD) of -157.0 dBm/Hz
at frequencies > 1 GHz, leading to a high noise figure from Eq. 2.15.
The spurious-free dynamic range (SFDR) is an important figure-of-merit to quantify the
impact of the signal distortions induced by the system response nonlinearity, as introduced
in Section 2.3.1. The SFDRn indicates the maximum output SNR without the need of using
filtering to eliminate the nth-oder IMD spurious frequencies. The measured SFDR3 in the
filter passband is typically > 96 dB·Hz2/2, which is affected by the high noise figure and the
small IIP3 according to Eq. 2.24. For example, at 5 GHz, the filter passband yields a link
gain of -10.1 dB, a noise figure of 27.1 dB and of 96.5 dB·Hz2/3, as shown in Fig. 7.12(c).
One can find that the IIP3 is - 2.2 dBm which is much lower than the reported ∼ 19 dBm
for the IMWP filters without using LNA [421]. This reduced IIP3 is due to the use of the
LNA. Meanwhile, the high SFDR2 is originated from the low-biased intensity modulator.
however, the 2nd-order distortion will not be an issue for sub-octave RF applications, since
the 2nd-order distortion can be easily filtered out.
It must be noted that the majority of the detected noise is from the back reflected optical
pump, since the photocurrent contributed from the transmitted signal light is merely ∼ 0.5
mA (1 mW × 0.55 A/W), compared to the total photocurrent of 7.97 mA. The optical pump
back reflection occurs at the end-faces of the chip and coupling lensed fiber. In this case, the
back reflected pump increased the detected noise power by as least 10 dB, while the RF link
gain remains unchanged. This increased noise power will increase the noise figure, according
to Eq. 2.15. To show how the back-reflected optical pump affects the link performance, we
calculated the SFDR3 for the case when the optical pump was turned off, as shown in Fig.
7.12(d). It should be noted that the filter rejection will be reduced when the SBS pump
is off, but this will not affect the SFDR in the filter passband. From the comparison, the
difference in SFDR3 between SBS pump on and off is around 9.5 dB, indicating a significant
link performance deterioration by the reflected optical. This issue must be circumvented,
when considering the future practical applications of the chip-based hybrid filter.
This novel filter scheme can be scalable to implement multiple stopbands by adding
more ring resonators and SBS pumps, which can handle the application scenarios of multi-
users/multi-frequency environment. To implement multiple stopbands, multiple optical pumps
are needed to induce SBS gain. Ideally, the use of multiple SBS pump will not deteriorate the
overall filter performance. However, the total number pf SBS pumps will be limited by power
handling of the photonic circuits. It should be noted that other nonlinear optical effects are
less likely to occur, since the integrated waveguides were not designed to achieve ultra-low
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optical dispersion which is a critical condition to efficiently induce nonlinear optical effects
such as four-wave mixing and cross-phase modulation.
Summary and Discussion
In this section, we report the realization of an IMWP signal processor that simultaneously in-
corporates a passive OC ring resonator and an active SBS circuit on an integrated As2S3-on-
Silica photonic chip. Using this photonic chip, a proof-of-concept demonstration of an IMWP
notch filter is demonstrated, showing advanced filtering functionalities, the filter shape pro-
grammability, compactness and the compatibility with existing link performance techniques.
This work establishes a promising tool to implement compact and high-performance IMWP
systems for portable and space RF applications.
In the above demonstrations, the overall performance including the filter shape and the
link performance is limited by the device performance, insertion loss and back reflected
pump. For the future development, several considerations must be taken to further improve
the filter performance:
• The OC ring resonator’s properties need to be optimized to have a narrow linewidth
with a shallow suppression which can be paired with the spectral resolution of SBS.
This can eventually relax the requirement of high SBS gain over a broadband width.
Meanwhile, the chip insertion loss and waveguide propagation loss also need to be
minimized. To achieve this, appropriate waveguide designs and low-loss materials are
desired.
• The stringent noise figure degradation due to the pump reflection must be eliminated.
One possible way is to separate the counter-propagating pump and signal waves in
different spatial optical modes, so that the back reflected pump will also be filtered out
using a spatial/modal filter.
• Fiber-based non-reciprocal devices like isolators and circulators are used in the above
experiments. However, integrating these non-reciprocal devices on photonic circuits
are extremely challenging. Therefore, alternative techniques must be explored to by-
pass these limitations.
Based on the above considerations, one promising way is to employ a hybrid-integrated
platform which accommodates the low-loss functional devices and efficient Brillouin circuits.
Such an integrated platform is expected to combine the advantages of two different material
platforms without compromising the performance. At the same time, novel Brillouin pho-
tonic processing scheme need to explored, enabling a simpler way to separate pump and
probe waves.
In the following section, we present a novel scheme to bypass these issues, through the
heterogeneously integrated photonic circuit consisting of silicon devices and As2S3 Brillouin
waveguides.
7.3 On-Chip Backward Inter-Modal Brillouin Scattering
In this section, we present the first demonstration of backward stimulated Brillouin scattering
(BIBS) between different guided optical spatial modes in a multi-modal integrated photonic
circuit. The BIBS is promising to eliminate the requirement of integrated non-reciprocal
photonic devices in on-chip Brillouin photonic processors. This is because the separation
of the pump wave and signal wave in BIBS scheme relies on the spatial modes, rather than
the propagation direction in conventional backward intra-modal SBS. The separation of the
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pump and signal can also avoid excess noises in photodetection generated by the pump back
reflection. The underlying physics and scheme of BIBS has been discussed in Section 4.4,
along with full-vectorial numerical simulations. Based on this understanding, we mainly
focus on the implementation and practical realization of BIBS in this section.
7.3.1 Principle of Operation
To understand the promising features of BIBS, we compared the on-chip implementations of
the conventional BSBS and the novel BIBS schemes, as shown in Fig. 7.13.
For the conventional BSBS scheme, the Brillouin scattering occurs between two counter-
propagating optical waves with an identical optical spatial mode. To route and separate the
counter-propagating pump and probe waves, non-reciprocal optical devices must be used.
Fig. 7.13(a) shows a typical implementation scheme for BSBS in an integrated As2S3 waveg-
uide, in which two off-chip circulators are used at both sides of an integrated Brillouin pho-
tonic circuit. This reflected pump wave will mix with the counter-propagating probe wave
and cause significant cross talk. In order to separate this reflected pump wave, an additional
optical filter with a sharp spectral shape must be used to suppress the pump, which increases
the system complexity and cost and limits the signal processing bandwidth. A more severe
constrain is that the need of on-chip non-reciprocal devices (circulators in this case), which
hinders the future employment of SBS in large-scale integrated photonic circuits together
with other functional photonic devices.
The on-chip BIBS scheme provides an ideal approach to solve these stringent bottlenecks,
as shown in Fig. 7.13(b). Using modal multiplexers, the probe wave can be converted to a
higher-order optical spatial mode. After the BIBS interaction, the processed probe wave
can be converted back to the fundamental optical mode using a modal demultiplexer. In
contrast, the pump wave only stays in the fundamental optical mode. During this process, the
modal multiplexer and the demultiplexer are able to separate the counter-propagating pump
and probe waves, relying on the spatial/modal filtering approach rather than the propagating
directions. Since the pump wave and the probe wave occupy different modal channels and
different input/output ports, the processed probe wave is free from the back-reflected pump
wave.
A more intriguing advantage is the fact that the integrated modal multiplexers and de-
multiplexers are well-developed and mature for integrated photonic circuits. As a result, the
on-chip SBS circuits can be potentially embedded in integrated photonic circuits, without re-
quiring any on-chip non-reciprocal devices. Equally important, the SBS processing circuits
can be independent of other functional devices, which means that the strength and potential
of different materials can be combined on the same integrated platform. For example, As2S3
waveguides can be used to provide efficient SBS processing capability, while the devices for
signal routing, mode conversion and filtering can be achieved using other low-loss materials
such as Silicon and Si3N4. This unprecedented flexibility will radically extend the poten-
tial and broaden the applications of on-chip Brillouin photonic processors, using the hybrid
integration technology [207].
7.3.2 Hybrid Circuit Design and Fabrication
To realize the on-chip BIBS scheme shown in Fig. 7.13(b), it is critical to achieve the simul-
taneous integration of the silicon modal multiplexer (and demultiplexer) and As2S3 Brillouin
circuits. In this work, we used a hybrid on-chip structure to achieve modal conversion and
the light coupling, as shown in Fig. 7.14. This structure forms half of the schematic device
shown in Fig. 7.13(b), since the device’s topology is essentially symmetric.
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Figure 7.13: (a) Schematic of the conventional chip-based backward SBS
scheme. An intense optical pump is sent into Port 1 of a circulator (Circula-
tor 2) and is routed to Port 2, before being injected to the Brillouin circuit.
Similarly, the probe wave is sent to the other end of the Brillouin chip, after
passing through the other circulator (Circulator 1). After the interaction in
the chip, the amplified probe wave coming out of the chip goes through Port
2 and Port 3 of Circulator 2. However, since the end facet of the photonic
chip reflects part of the intense pump waves. The pump wave and the probe
wave are both in the same optical spatial mode, i.e. the fundamental opti-
cal mode. (b) The on-chip backward inter-modal SBS scheme. The input
probe wave from Port 1 of the silicon multiplexer is converted to TE10 mode
and then coupled into the As2S3 waveguide. The counter-propagating pump
wave injected from Port 4 remains in TE00 mode. Once the phase is matched,
the acoustic wave with the asymmetric mode distribution mediates the cou-
pling of counter-propagating TE00 and TE10 modes. After the interaction,
the probe wave is converted back to the TE00 mode and is routed through
Port 3. The modal multiplexer and demultiplexer can be implemented using
integrated modal couplers.
7.3. On-Chip Backward Inter-Modal Brillouin Scattering 173
The device shown in Fig. 7.14 mainly consists of a pair of silicon grating couplers, a
silicon modal coupler and tapered silicon multi-modal waveguides which are connected to
an As2S3 waveguide. Two silicon grating couplers are used to couple the lights from external
optical fibers to the fundamental TE mode (TE00 mode) in the single-mode silicon nanowires
(450 nm × 220 nm). In the following sections, we will briefly discuss the design of some key
devices and introduce the fabrication process.
Grating 
Couplers
Single-modal
waveguides
(0.45 µm wide)
Modal
Coupler
Multi-modal
waveguides
Si-As2S3
Transition
Terminator
45 µm
0.84 µm 1.03 µm
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Figure 7.14: Schematic of the silicon modal coupler on a silica sub-cladding.
After the silicon modal coupler, the silicon multi-modal waveguide can be
tapered down to a nano tip with a width of 0.15 µm covered by the 1.9-µm-
wide As2S3, so that the optical modes in silicon will be expanded to the
As2S3 waveguide, through the Si-As2S3 overlap region. Key dimensions of
waveguides are noted.
Modal Coupler
The modal coupler consists of a narrow silicon waveguide in the upper branch and the wider
silicon waveguide in the bottom branch. The probe wave is coupled through the grating
coupler (labeled as Coupler 1) and routed to the upper branch of the modal coupler. When
the effective refractive index of the TE00 mode in the narrower waveguide equals to that of
the TE10 mode in wider waveguide, the probe wave in TE00 mode in the upper branch can
be effectively coupled to a higher-order TE model (TE10) in the bottom branch, as shown by
the 3D simulation result in Fig. 7.15(a). Due to the imperfect coupling, a tiny amount of
uncoupled light resides in the upper branch, which will be subsequently radiated through the
silicon terminator as shown in Fig. 7.14. On the other hand, the optical wave coupled into
the bottom waveguide through silicon grating Coupler 2 remains in the TE00 mode. Due to
the mismatching of effective refractive index, the TE00 mode will not be coupled to the upper
branch.
In order to achieve high tolerance of fabrication errors, the modal coupler based on ta-
pered direction coupler is used [380]. The waveguide width of the upper branch is kept as
450 nm, while the waveguide width of the bottom branch is tapered from 0.84 µm to 1.03
µm. The coupler gap is kept constant as 0.15 µm which is the minimum gap determined by
the final silica cladding filling process. To achieve efficient modal coupling in a compact
form, the length of the modal coupler was optimized to be 45 µm, based on the numerical
simulation results shown in Fig. 7.15(b). With the optimized geometry, simulation results
indicate a TE00-to-TE10 coupling efficiency of -0.4 dB at 1550 nm, over an operation wave-
length range of > 100 nm. The TE00-to-TE00 coupling from the single-modal waveguide to
the multi-modal waveguide is < -40 dB, ensuring a low coupling cross talk. It should be
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Figure 7.15: FDTD Simulation results of (a) the power propagation of op-
tical modes in through the silicon modal coupler and (b) the coupling loss
between optical modes. The coupling loss of TE00-to-TE10 is - 0.47 dB,
without considering the actual scattering losses. (c) The coupling loss of
the silicon modal coupler as a function of the coupler length. MC: Modal
Coupler.
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noted that the reverse modal coupling process can occur, since the modal coupler is a recip-
rocal device. Therefore, the TE10 mode in the bottom waveguide can be coupled the TE00
mode in the narrower waveguide in the upper branch.
Si to As2S3 Waveguide Transition
After the mode coupling, there are two different optical spatial modes (TE00 and TE10) that
can exist in the silicon multi-modal waveguide. The optical wave in TE10 mode is coupled
from the upper branch, while TE00 mode is the optical wave coupled through Coupler 2 in
the bottom branch. Ideally, these two optical modes need to be coupled to the subsequent
As2S3 multi-modal waveguide, and preserve their mode order.
As shown in Fig. 7.14, the multi-modal silicon waveguide with a width of 1.03 µm is
tapered down to 0.8 µm and finally to a silicon nano tip with a width of 0.15 µm. This two-
stage tapering is used to minimize the total length of silicon waveguide taper. In the second
stage, the optical modes in the silicon waveguide will be gradually expanded to a larger modal
pattern, which will be eventually coupled to the corresponding optical modes in the As2S3
waveguide with a thickness of 0.68 µm and a width of 1.9 µm. Simulation results in Fig.
7.16(a) and 7.16(b) show the optical intensity evolution along the tapered silicon waveguide
in the Si-As2S3 waveguide transition region, when the input optical mode is TE00 and TE10,
respectively.
When the input mode is TE00, the intensity propagation patterns shows a single maxi-
mum in the waveguide center, which corresponds to the TE00 mode. However, intensity beat
patterns exist after the silicon nano tip, due to the superposition of different excited optical
modes. As shown in Fig. 7.16(c), the input of TE00 mode also excites TE20 (∼ -17 dB cou-
pling efficiency) and TM00 (∼ -30 dB coupling efficiency), besides the dominant TE00 mode
(∼ -0.4 dB). When the input optical wave is in TE10 mode, the intensity pattern shows two
intensity maximums in the transverse plane, indicating a high coupling efficiency (∼ -0.5 dB)
of the dominant TE01 modes. However, there also exists ineligible coupling to TM00 (∼ -30
dB) and TM20 (∼ -12 dB). This undesired coupling to non-targeted optical modes is due to
the large mismatching in the thickness of the Si waveguide (220 nm) and As2S3 waveguide
(680 nm).
As2S3 Waveguide Bend
The bends in the As2S3 spiral waveguide also need to be optimized, to avoid significant
radiation loss and mode cross-coupling in the multi-modal waveguide bends. To this end,
we used a bend radius of 100 µm in the design, with the Euler spiral shape [440]. From
simulation results shown in Fig. 7.17, the Euler bend exhibit a much lower modal cross-
coupling of ∼ -40 dB, compared to ∼ -17 dB of the conventional rounded bend.
Device Fabrication
Fig. 7.18 illustrates the fabrication process of Si-As2S3 hybrid photonic circuit. The schematic
hybrid chip consists of two identical (mirrored imaged) silicon modal coupler (Fig. 7.14)
which are connected with an As2S3 spiral waveguide. The grating couplers of the silicon
modal couplers are oriented towards one side and arrayed with an equal spacing of 127 µm,
which allows for the light coupling using a fiber array.
A base silicon circuit was fabricated, using EBL to print the designed waveguide pattern
and ICP etching to form the fully-etched silicon devices. Subsequently, an amorphous As2S3
film was thermally deposited in an open region next to the silicon tapered nanowires, using a
shadow mask process. Optical and thermal annealing is used to stabilize the refractive index
of As2S3 at n = 2.44 at the wavelength of 1550 nm. Again, The As2S3 spiral waveguide
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Figure 7.16: FDTD Simulation results of the optical intensity propagation
along the tapered silicon waveguide in Si-As2S3transition region, when the
input optical mode is (a) TE00 mode and (b) TE10 mode, respectively. Sim-
ulated coupling losses to different optical modes when in the input optical
mode is (c) TE00 mode and (d) TE10 mode, respectively. Scattering losses
due to waveguide sidewall roughness is not considered in simulations.
(a) (b)
Figure 7.17: FDTD Simulation results of the coupling between optical
modes in As2S3 waveguide bends in (a) the rounded shape and (b) the Euler
bend shape, respectively. The bend radius is kept at 100 µ m in the simula-
tions for both bend shapes. The Euler bends shows a cross coupling of ∼ -40
dB, while the rounded bends exhibits a higher cross-coupling of ∼ -17 dB.
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Figure 7.18: Schematic of fabrication process of the Si-As2S3 hybrid inte-
grated photonic circuit.
pattern was printed using EBL, before being fully etched by ICP dry etching in an Oxford
Plasmalab 100 ICP RIE system using a mixture of CHF3, O2 and Ar gases. Finally, a SiO2
upper-cladding with a thickness of 1 µm was deposited via the low-pressure sputtering pro-
cess [439]. In practical device design and fabrication, more multi-functional devices can
be achieved on the same chip, by simply defining the functionality of the silicon devices.
The fabrication process of the hybrid chips was done based on the collaboration with RMIT
University and The Australian National University.
During the design and fabrication process, careful consideration and treatments need to
be taken into account to avoid waveguide cracks in the Si-As2S3 overlap regions, which will
induce significant light scattering losses and even waveguide breaks. In Fig. 7.19(a), cracks
and breaks exist in the waveguides and cladding, when square corners are used in the Si-
As2S3 interface. In these square corners, the tensile stress is not uniform in the areas in
adjacent to the sharp corners, resulting in material cracks propagating outwards the corners.
To circumvent this issue, a rounded termination at the Si-As2S3 interface is used to avoid
sharp corners near the waveguides, as shown in Fig. 7.19(b). Using this optimized design,
no crack on the waveguide was observed.
7.3.3 Results and Discussion
To identify the optical transmission measurement results, the four ports of the device are
labeled with numbers depicted by Fig. 7.20(a), consistent with the annotations in Fig. 7.14.
In the following measurements, the As2S3 waveguide in the hybrid circuit has a length of 1.9
cm.
The measured optical transmission of the fabricated hybrid device is shown in Fig. 7.20(b)
and 7.20(c). When the light is input through Port 2 (for pump wave), the transmission at Port
4 peaks at -18 dB, while the maximum cross talk at Port 3 (for probe wave) is < -31 dB.
The modal isolation of 13 dB is reduced by ∼ 10 dB, compared to the modal isolation of
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Figure 7.19: (a) The SEM image of a Si-As2S3 interface using square cor-
ners. The square corners cause material tension that eventually leads to
cracks in Silica cladding and waveguides, resulting high optical losses. (b)
The microscope image of a Si-As2S3 interface using rounded corners, which
avoids the cracks along the waveguides.
the reference device (two silicon modal couplers are directly connected) as shown in Fig.
7.20(d). When the light is injected through Port 1 (for probe wave), the transmission of at
Port 3 after TE00-TE10-TE00 mode conversion is -24 dB, with a cross talk of -35 dB at Port
4 at 1550 nm. This modal isolation of 11 dB is also reduced from > 20 dB of the reference
structure. In general, the hybrid structure exhibits a modal isolation of > 10 dB for both opti-
cal modes. Compared with the reference device, the degradation is attributed to the imperfect
light coupling in the modal couplers and the Si-As2S3 transition regions. However, the mea-
sured modal separation of > 10 dB still allows for the demonstration of modal conversion
and inter-modal SBS process. It should be noted that the multiple dips in the transmission
spectrum are induced by the modal coupling in the multi-modal waveguide, caused by the
imperfect waveguide bends and the sidewall roughness.
Fig. 7.21 shows the experiment setup to measure the BIBS process in the hybrid chip.
This setup does not use any non-reciprocal optical devices (isolator or circulator), compared
to the experiment setup for conventional BSBS measurement. This reduced setup complex-
ity is offered by the BIBS scheme, since the separation of counter-propagating pump wave
and probe only relies on the on-chip silicon modal couplers (modal multiplexer and demul-
tiplexer). The CW light wave from the probe laser is modulated using a dual-parallel Mach-
Zehnder modulator (DPMZM), to generate single-sideband optical signal. This modulated
signal is injected into the hybrid circuit via Port 1, and subsequently converted to TE01 mode
propagating in the multi-modal waveguides. The optical pump generated by the pump laser
is amplified by a high-power optical amplifier, before being sent to the chip via Port 4. The
counter-propagating pump in the fundamental TE00 mode induces a narrowband optical gain
resonance, via the BIBS process introduced in Section 4.4. The optical sideband of the probe
wave undergoes this BIBS-induced amplification. Finally, the processed probe signal is cou-
pled out of the chip through Port 3 and then collected by a photodetector. The vector network
analyzer will map the SBS response to the RF domain. During the experiment, no cross talk
of the optical pump was observed at the probe (signal) output of Port 3, since the optical
pump injection uses a separate channel. This is in stark contrast to the strong pump back
reflection in the conventional intra-modal SBS scheme.
The measured gain spectrum of BIBS is shown in Fig. 7.22(a), exhibiting a Brillouin gain
of 0.5 dB with a Brillouin frequency shift of 7.57 GHz. The Brillouin frequency shift of BIBS
(TE00-TE10) is ∼ 70 MHz lower than the frequency shift of the intra-modal SBS. For com-
parison, the measured Brillouin gain response of the intra-modal SBS (TE00-TE00) is also
shown in Fig. 7.22(a). The dominant gain response peaks at 7.64 GHz, with a measured SBS
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Figure 7.20: (a) The schematic device for on-chip BIBS. The silicon grating
couplers are labeled with numbers corresponding to the labeled ports in Fig.
7.13(b). The measured optical transmission of the hybrid device, when light
is input through (b) Port 2 and (c) Port 1, respectively. For comparison, the
measured optical transmission of two back-to-back connected silicon modal
coupler, when light is input through (b) Port 2 and (c) Port 1, respectively.
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Figure 7.21: Schematic of the experiment setup for on-chip backward inter-
modal stimulated Brillouin scattering. EDFA: erbium-doped fiber amplifier;
PC: polarization controller; DPMZM: dual-parallel Mach-Zehnder modula-
tor; PD: photodetector; VNA: vector network analyzer.
0.5 dB
Experiment
2.9 dB
70 MHz
(a)
Simulation
(b)
Figure 7.22: (a) Measured gain responses at an optical pump power of 100
mW. (b) Simulated SBS gain coefficients for both inter-modal (TE00-TE10)
SBS and intra-modal (TE00-TE00) SBS.
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gain of 2.9 dB. A lower gain resonance also exists at a high acoustic frequency, which gener-
ated by the shear acoustic modes which have nonnegligible transverse components as shown
in Fig. 4.14. During the Brillouin response measurement, the optical pump power coupled
into the photonic chip was kept at ∼ 100 mW, taking into account the fiber-to-chip coupling
loss (∼ 6 dB per facet) and insertion loss of the silicon multiplexer and demultiplexer. In the
current measurements, the ON/OFF Brillouin gain of BIBS and BSBS is limited by the accu-
mulative optical losses including the propagation loss, bend losses and insertion losses in the
Si-As2S3 waveguide transition regions. Although the waveguide design has been optimized
in the former sections, the unexpected fabrication errors and non-adiabatic Si-As2S3 transi-
tion design lead to relatively high optical losses. These losses need to be further reduced by
using adiabatic mode couplers and optimizing the waveguide geometry.
In Fig. 7.22(a), the measured Brillouin gain coefficient of BIBS (TE00-TE10) process is
lower than that of the intra-modal SBS process. The lower measured Brillouin gain is mainly
attributed to two main reasons: the relatively-high propagation loss of TE01 mode with due
to the larger sidewall scattering; and the lower Brillouin gain coefficient. The later effect is
confirmed by the simulation results shown in Fig. 7.22(b). From full-vectorial simulations,
the gain coefficient of BIBS is ∼ 300 m−1W−1, as shown in Fig. 7.22(b). The gain coeffi-
cient of BISB process is nearly half of the intra-modal (TE00-TE00) SBS gain coefficient ∼
600 m−1W−1. Here we only focus on the dominant Brillouin resonances, although smaller
Brillouin responses also exists at adjacent frequencies.(a)
(b)
(c)
(d) (e)
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Figure 7.23: (a) Schematic of the cross section of the integrated As2S3
waveguide. (b) The SEM image of the As2S3 waveguide cross section. Cal-
culated optical modes and acoustic modes that participate in (c) intra-modal
SBS process and (d) BIBS process, respectively. For acoustic wave, only
the longitudinal components of the acoustic mode Uz and the correspond-
ing acoustic frequencies are presented, since the acoustic wave is heavily
longitudinal in the As2S3 waveguides.
Compared to the intra-modal SBS, the lower Brillouin gain coefficient of the inter-modal
process can be understood from the reduced overlap of optical modes and the acoustic modes
of the As2S3 waveguide, as introduced in the Section 4.3.2. Numerical simulations of optical
modes and acoustic modes are performed in the waveguide shown in Fig. 7.23(a) and (b).
Fig. 7.23(c) shows the optical waves and the acoustic that participate in the intra-modal
(TE00-TE00) SBS process. The longitudinal component of the acoustic wave at the frequency
of 7.64 GHz has maximum field strength in the waveguide center. Both the pump wave and
the probe wave are in the TE00 optical mode, exhibiting symmetric mode distributions in the
waveguide cross section with the highest intensity in the waveguide core. As a result, these
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symmetric optical modes and the acoustic wave yield a large net overlaps, providing a large
Brillouin gain coefficient.
In contrast, in the BIBS process, the pump wave and the probe wave are in different
spatial modes, i.e. the TE00 mode and the TE10 mode, as shown in Fig. 7.23(d). The TE10
mode has an asymmetric mode distribution in the horizontal direction, with a null intensity in
the waveguide core. Similarly, the distribution of the longitudinal component of the acoustic
wave (7.57 GHz) is also asymmetric with a null distribution in the waveguide center, which
participates in the inter-modal scattering process. As a result, the symmetric mode and the
asymmetric modes yields a reduced net overlap, producing a lower Brillouin gain coefficient,
compared to the intra-modal SBS process.
It should be noted that the SEM image of the As2S3 waveguide cross section shown
in Fig. 7.23(b) shows that the fabricated waveguide thickness is 0.73 µm, higher than the
designed 0.68 µm. This discrepancy in the waveguide thickness is caused by the inaccurate
thickness control in the thermal deposition process of As2S3 film.
Summary
In the above sections, preliminary demonstrations of the first on-chip backward inter-modal
stimulated Brillouin scattering in an integrated photonic circuit is presented. This experi-
mental demonstration is achieved using the Si-As2S3 hybrid integrated photonic technology
which pairs the advantages of different materials. In this hybrid photonic circuit, the optical
mode conversion is achieved using the silicon modal couplers, and the SBS process only
occurs in the multi-modal As2S3 waveguide.
This experimental demonstration is in good agreement with the theoretical analysis and
prediction presented in Section 4.4. The measured Brillouin frequency shift of BIBS is lower
than the intra-modal SBS by 70 MHz, confirmed by the numerical simulations based on the
full-vectorial description introduced in Section 4.3. The gain coefficient of BIBS is nearly
half of the gain coefficient of the conventional intra-modal SBS process, due to the reduced
overlap of optical modes and the acoustic mode. The gain coefficient of BIBS can be im-
proved using optimized waveguide geometries that can provide increased overlap of optical
modes and acoustic modes. Alternatively, the waveguide boundary effect is possible to be
used to enhance the SBS interaction.
The novel on-chip BIBS process paves a new way to realizing on-chip Brillouin proces-
sors without using any non-reciprocal on-chip devices. By separating the pump wave and
probe (signal) wave in different spatial optical modes, the pump back reflection that severely
limits the MWP system performance can be completely eliminated. This breakthrough makes
it possible to embed Brillouin-based photonic processing in a large-scale integrated photonic
circuits, paired with other functional photonic devices based on various materials. By com-
bining various functional photonic devices with this on-chip BIBS process, this hybrid pho-
tonic circuit will open new possibilities of achieving new signal processing functionalities
with high performance.
7.4 Conclusion
In this chapter, we demonstrated an IMWP notch filter, using the concept of pairing SBS
with linear functional devices on an integrated As2S3 photonic chip. The simultaneous in-
corporation of on-chip SBS and functional photonic devices allows for the combination of
unprecedented compactness, mechanical stability, advanced MWP filtering functionality and
high RF link performance. However, the current performance and the future widespread ap-
plication of this new IMWP filter is still constrained by several issues: strong cross talk from
the optical pump and the need of optical circulators for pump and probe separation.
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To eliminate these limitations, the on-chip backward inter-modal SBS (BIBS) process is
proposed and demonstrated. By separating the pump wave and probe wave to different op-
tical spatial modes, the counter-propagating pump wave and probe wave can be routed and
separated by simply using on-chip modal multiplexer and demultiplexer (modal couplers).
This new Brillouin scattering process simultaneously solves two problems, i.e. the pump-
induced cross talk and the need of otpical circulators. To demonstrate the on-chip BIBS
process, a Si-As2S3 hybrid integrated photonic circuit is developed and fabricated. In this
hybrid platform, the standard silicon modal couplers are used to route, convert and separate
optical pump and probe waves, while the As2S3 provides the efficient Brillouin-based pho-
tonic processing. The hybrid scheme enables unprecedented system design flexibility, since
the functionalities of silicon devices can be designed independent of the Brillouin processing
functionality. Therefore, by defining or adding functional silicon devices, more advanced
signal processing functionalities can be achieved, while maintaining the advantages of BIBS.
A good example to demonstrate this powerful platform is to combine the hybrid notch filter
concept with the on-chip BIBS, by adding over-coupled ring resonators, as shown in Fig.
7.24. To realize a fully-integrated IMWP processor, active components such as lasers, am-
plifiers, modulators and photodetectors are expected to be integrated onto this silicon-based
hybrid platform.
OC Ring Resonator
As2S3Si
Figure 7.24: The conceptual vision of a high-performance IMWP Filter us-
ing the Si-As2S3 hybrid integration technology. This IMWP filter is based
on the combination of the hybrid filter scheme and on-chip BIBS, allowing
for simultaneously achieving advanced filter function and high link perfor-
mance, without using non-reciprocal on-chip photonic devices.
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Chapter 8
Summary and Outlook
The final chapter provides a summary of the results presented in this thesis, as well as an
outlook on future research directions and new opportunities of high-performance integrated
microwave photonic (IMWP) signal processing.
8.1 Summary
The work presented in this thesis is motivated by the pressing need to translate IMWP func-
tionalities to real-world RF applications. To achieve high-performance MWP signal process-
ing, both the MWP schemes and the photonic integration are explored in this thesis. Chap-
ter 3 establishes theoretical models to describe various approaches to implementing IMWP
functionalities, using the concept of the RF transfer functions. Novel RF transfer functions
associated with high-performance IMWP functionalities are proposed, based on the RF in-
terference technique and unique optical responses of on-chip ring resonators and stimulated
Brillouin scattering (SBS in Chapter 4). These novel RF transfer functions form the basis
of the ultrafast tuning MWP delay lines, as well as the high link-performance MWP notch
filters.
In Chapter 5 we aimed at improving the tuning speed of an IMWP delay line to sub-
nanosecond level, using an RF transfer function with enhanced RF phase responses. The RF
phase enhancement is implemented by the RF interference between a signal with a fixed time
delay provided by optical resonances and an out-of-phase reference signal with a tunable
amplitude. The RF interference decouples the RF delay tunability from the tuning of the
optical properties of the optical resonances. This unique approach effectively magnifies the
time delay initially provided by integrated Si3N4 optical ring resonators by more than three
times. The implemented MWP delay line enables gigahertz tuning of the time delay, by
simply changing the power of the reference signal. The delay enhancement technique was
also used to achieved tunable delay lines based on SBS, enabling significant reduction of the
pump power consumption.
A more common and long-standing performance bottleneck is the poor RF link perfor-
mance, which severely limits the RF signal quality in IMWP systems, typically IMWP filters.
In Chapter 6, we demonstrated a Si3N4-chip-based MWP filters with a record-high link per-
formance, exhibiting positive link gain, 15.6 dB noise figure and 116 dB dynamic range.
The key to achieve such level of link performance is the pi-phase inversion provided by an
over-coupled Si3N4 ring resonator. In an MWP link using intensity modulation, this pi-phase
inversion implements an RF transfer function that produces a highly-localized destructive RF
interference only at the RF notch frequencies but constructive RF interference at passband
frequencies. This unique RF transfer function enables two major advantages: 1) strong RF
passband and deep stopband suppression and 2) the compatibility with the existing link per-
formance optimization techniques. With these superior features, IMWP notch/bandstop filter
that simultaneously combines high link performance and complete filtering functionalities
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are achieved for the first time, bridging the gap between the IMWP filters and practical RF
applications.
However, the over-coupled Si3N4 ring resonator can provide an amplitude suppression
around the resonance frequency. In the MWP filter response formation, this unwanted am-
plitude suppression leads to complex operations on both optical sidebands, which constrains
the tuning flexibility of the IMWP filter. To bypass this limit, a new MWP filter concept
is proposed to implement a pi-phase shift only response, by superposing the complementary
optical responses of an over-coupled ring resonator and SBS gain resonance onto only one
optical sideband. A proof-of-concept demonstration of the novel filter scheme is performed
using an integrated Si3N4 ring resonator and SBS gain response in a 4.6-km-long optical
fiber, achieving an RF link gain up to + 10 dB. The filter exhibits a notch response with a
spectral rejection of > 50 dB and a reconfigurable bandstop filter shape. The center frequency
of the filter can be tuned from 1 GHz to 11 GHz, by simply tuning the signal laser frequency.
This novel filter concept provides a paradigm-shifting scheme to realize high-performance
MWP filters by pairing linear and nonlinear optical effects.
To take the hybrid filter concept to the next level, photonic integration must be proven
to be feasible. However, integrating the linear and nonlinear optical devices on the same
photonic chip is challenging. In Chapter 7, we demonstrated, for the first time, the new filter
concept in an integrated As2S3 photonic circuit that consists of an over-coupled ring res-
onator and an integrated Brillouin waveguide. This integrated MWP filter not only maintains
complete filtering functionalities demonstrated in Chapter 6, but also enables a significant re-
duction in footprint and enhancement in mechanical stability. However, the measured noise
figure and the dynamic range is of a typical level of ∼ 30 dB and ∼ 96 dB, respectively. One
of the main effects that limit the link performance is the noise caused by the strong SBS
pump back reflection. To mitigate this issue, on-chip isolators and high-quality optical filters
must be used to separate and filter out this undesired back-reflected optical pump. However,
constructing non-reciprocal devices such as circulators and high-quality optical filters are ex-
tremely challenging, which precludes the widespread deployment of on-chip Brillouin-based
processing.
To bypass these stringent challenges, we proposed and demonstrated, for the first time,
the on-chip backward inter-modal SBS (BIBS), based on the theoretical prediction presented
in Chapter 4. The unique BIBS process allows for the Brillouin scattering between different
optical spatial modes. Therefore, the pump wave and the signal wave in different optical
modes can be completely separated, by simply using on-chip modal multiplexers and de-
multiplexers. Thus, the signal wave can be free from the troublesome pump back reflection.
To demonstrate the on-chip BIBS, a Si-As2S3 hybrid integrated photonic circuit is designed
and fabricated in Chapter 7. The optical mode conversion and signal routing are done using
on-chip silicon devices, while the multi-modal integrated As2S3 waveguide accommodates
the BIBS process. The BIBS processe was demonstrated, with a Brillouin frequency shift
lower than that of convention backward SBS by ∼ 70 MHz, which is verified by numerical
simulations. The demonstration of on-chip BIBS paves the way to seamlessly incorporating
Brillouin circuits in large-scale integrated photonic circuits, without requiring non-reciprocal
on-chip devices.
In summary, we developed comprehensive theoretical models to explore desired schemes
to achieve high-performance MWP functionalities. This thorough study guides the develop-
ments of the delay amplification technique, the new filter concept and the integrated Brillouin
photonic platform. The study of both the new MWP schemes and the integrated Brillouin
photonic platform underpins the performance improvement for IMWP signal processing. The
work in this thesis is expected to present important progresses in high-performance IMWP
systems and point out new research directions of IMWP based on hybrid Brillouin photonic
circuits. However, some issues and challenges still exist in the current demonstration of the
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hybrid photonic chip, such as the on-chip device performance and the full integration with
active optoelectronic components, which will be discussed in the next section.
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8.2 Outlook
This section provides some perspectives on the future research challenges for high-performance
IMWP processors. These perspectives aim to point out future research work and opportuni-
ties.
Bragg Grating
Hybrid Integration
 Photonic Circuit
Electronic Integrated Circuit
(1) Light 
Source
(2) Modulator
Terminator
(3) Photodetector
Attenuator
(5) Brillouin Circuit
High-Performance IMWP System
(4) Functional Linear Devices
Figure 8.1: A conceptual diagram of a monolithic high-performance IMWP
system that consists of a hybrid integration photonic circuit and an electrical
integration circuit.
Fig. 8.1 provides a conceptual vision of a monolithically-integrated IMWP Brillouin-
based IMWP processor that provides high RF link performance and advanced MWP func-
tionality including phase shifting, filter and time delay, based on a Si-As2S3 hybrid inte-
gration platform. In this hybrid circuit, nonlinear Brillouin waveguides are integrated with
linear functional devices and active optoelectronic components. A mature library of lin-
ear functional devices including ring resonators, modal couplers, interferometer, termina-
tor (nano-tip) and sub-wavelength grating enable flexible signal manipulation and versatile
MWP processing functionalities. The active optoelectronic components such as lasers, op-
tical amplifiers, modulators and photodetectors can be integrated on the same chip through
heterogeneous photonic integration technology [17, 441], significantly reducing the optical
coupling loss and interconnection loss compared to IMWP systems using off-chip optoelec-
tronic components. The loss reduction immediately improves the link gain, based on the anal-
ysis in Chapter 2. The Brillouin circuit enables high-spectral-resolution and programmable
signal processing which is critical for high-speed and high-frequency MWP signal process-
ing. The electronic integrated circuit underpins key functions including DC voltage supply,
RF input/output and signal post processing using low-speed DSP.
To achieve a high-performance monolithic IMWP Brillouin processor, challenges in de-
vice performance and signal processing schemes need to be addressed, which on the other
hand can motivate new research opportunities. The general performance requirements fully-
integrated high-performance IMWP systems have been discussed in Chapter 6. Here, instead
of repeating the exhaustive overview of photonic integration, here we focus on the discus-
sion of promising on-chip devices and novel schemes for high-performance IMWP Brillouin
processors, based on the conceptual vision shown in Fig. 8.1.
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8.2.1 Low-RIN-Noise and High-Power On-Chip Light Source
To achieve a low noise figure, the detected electrical noise of an MWP link is strongly desired
to be in the shot-noise-limited region, which requires the laser source to have an ultra-low
RIN power spectra density (PSD). RIN represents the relative fluctuation of the laser optical
power, induced by laser cavity vibration, fluctuation in gain medium and transferred noise
from the pump. The numerical calculations in Chapter 6 have already suggested that RIN
PSD of < -150 dB/Hz of on-chip lasers is mandatory to achieve a low noise figure. In the
meantime, the on-chip output power of > 100 mW is desired to achieve a high RF link gain.
Table 8.1: State-of-the-Art High-Performance Integrated Lasers.
Device Material platform Power (mW) RIN (dB/Hz)
Laser
Er-doped Al2O3/SiN [214] 75 mW NA
SOA/Si [211] 160 mW NA
SOA/Si [243] >10 mW -150 dB/Hz
SOA/FBG [54] 100 mW <-160 dB/Hz
Si3N4 [327, 328] ∼ 20 mW <-150 dB/Hz
Recently, encouraging progress has been made towards high-performance on-chip com-
ponents, although the on-chip laser performance is lagging behind the commercial off-chip
lasers. The state-of-the-art on-chip lasers are summarized in Table 8.1. An on-chip laser
with the one-end output of > 75 mW at the optical communication band was achieved by
integrating an Erbium-doped layer with Si3N4 waveguides on a silicon substrate, exhibiting
the potential of doubled the power extraction of 150 mW [213] and 300 mW [214] at longer
wavelengths. With the on-chip feedback cavity optimization and the low-noise pump, the
on-chip laser could have a narrower linewidth [442] and lower noise. The hybrid integration
of III-V semiconductor gain media with silicon-based waveguides also provides a promising
solution to achieve on-chip lasers. An on-chip lasers with a high output power of 160 mW
was recently achieved [211]. An on-chip low-RIN laser (< -150 dBc/Hz) with a moderate
output power of > 10 mW [243] was recently demonstrated, respectively. Using low-loss
planar waveguides including Si3N4 and low-noise pump sources is promising to reduce the
laser noise [17, 441]. The recent demonstration of a miniaturized laser prototype (gain chip
with fiber gratings) with 100 mW output power and < -165 dBc/Hz made an encouraging
step towards the development of an integrated laser on silicon platforms with the same level
of performance [443].
Low-RIN-Noise On-Chip Brillouin Laser
SBS also provides a promising solution to achieve low-RIN-noise light sources, due to its
ultra-narrowband gain spectrum. The nature of narrowband SBS gain spectrum limits the
amplified spontaneous noise in a very small frequency range, leading to a detected electrical
noise at very low RF frequencies, typically less than ∼ 30 MHz. This noise is negligible
for MWP applications, since most of the MWP applications deal with RF frequencies of >
100 MHz [444]. Equally important, SBS acts as a narrow low-pass filter to significantly
suppress the high-frequency intensity noise transferred from the optical pump laser [445,
446] to Stokes lasing frequency.
Fiber-based Brillouin lasers with RIN reduction to -157 dB/Hz at a frequency offset of
100 MHz have been demonstrated [445], showing a RIN reduction of > 40 dB [447] com-
pared to the RIN of the pump laser. The RIN noise property of on-chip Brillouin lasers
was initially investigated in a silica wedge disk resonator with an ultra-high Q but low Bril-
louin gain coefficient, achieving a reduced laser RIN of -141 dB/Hz [448]. Recently, on-chip
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Brillouin lasers were demonstrated in silicon [220] and Si3N4 [327] photonic circuits, re-
spectively, mainly focusing on phase noise. By locking the pump wavelength to the cavity
resonance, the on-chip Si3N4 Brillouin laser achieves a RIN of -150 dB/Hz at a frequency
offset of 40 MHz [327]. Although on-chip Brillouin lasers are still in their early stage, these
inspiring demonstrations pave the way to implement ultra-low-noise on-chip Brillouin laser.
Therefore, achieving a shot-noise-limited on-chip Brillouin laser by combining ultra-high Q
optical cavity, a more efficient Brillouin material and the optical pump stabilization will be
an exciting topic for the future research work.
8.2.2 Low-Vpi, RF and High-Linearity On-Chip Electro-Optic Modulators
On-chip high-frequency electro-optic modulators with a low Vpi, RF (∼ 1 V) and high modu-
lation linearity are desired to avoid high RF link loss and improve the dynamic range. From
the integration perspective, a low Vpi, RF allows for CMOS-compatible drive voltages that can
be directly provided by the electrical integrated circuits, without using additional RF am-
plifiers which in turn limit the frequency range and increase the nonlinear distortion of the
MWP system. However, the MZM with a low Vpi, RF usually produces increased nonlinear
distortions. To mitigate this trade-off, the linearization of the modulators must be considered
to achieve high SFDR.
Table 8.2: State-of-the-Art High-Performance Integrated Electro-Optic
Modulators.
Device Material platform Vpi, RF (V) SFDR3 (dB·Hz2/3) Frequency (GHz)
MZM
InP/Si [245, 449] ∼ 15 [449] 117.5 > 10
LiNbO3 [450] 1.4 NA > 45
Plasmonic MZM [208, 451, 452] 10 NA > 70
The development of on-chip MZM with a low Vpi,RF and high modulation linearity is also
progressing, as summarized in Table 8.2. The heterogeneous integration of InGaAsP/Silicon
MZM was reported with a Vpi,RF of 0.86 V, but the lower 3-dB cut-of frequency limits its
broadband applications [244]. On the other hand, the ultra-linear ring-assisted MZM scheme
was achieved based on heterogeneous InP/Si integration, providing a promising way to im-
prove SFDR up to 117.5 dB·Hz2/3 [245] which is 5 dB higher than the commercial lithium
niobate (LiNbO3) modulator. However, the Vpi,RF of this type of modulators remains at a
relatively high level of ∼ 15 V [449].
LiNbO3 is the most-widely-used material in commercial electro-optic modulators due to
its strong electro-optic effect and femtosecond response. Since the etching of LiNbO3 is diffi-
cult, most commercial LN modulators are based on proton-exchange or titanium-indiffusion
waveguides with weak light confinement, which leads to low electro-optic efficiency, a large
size and a high Vpi, RF. The most recent demonstration of integrated LiNbO3 modulators
made a viable step towards the on-chip modulators operating CMOS-compatible drive volt-
ages [450]. The demonstrated integrated LiNbO3 MZM modulator achieved a low Vpi, RF of
1.4 V, a modulation frequency of > 45 GHz and an optical loss of < 0.5 dB. This break-
through performance is achieved by using ultra-low-loss LiNbO3 waveguide (∼ 0.03 dB/cm
[185]) with tightly-confined optical modes and large overlap between electrical and optical
field. Using the ring-assisted Mach-Zenhder interferometer (RAMZI) configuration [245],
the integrated LiNbO3 modulators are expected to produce high dynamic range that exceeds
the performance of commercial electro-optic modulators.
Plasmonic modulators could be an option for IMWP systems, providing ultra-compact
footprint (10’s of µm) and ultra-high modulation frequencies (> 100 GHz) due to its extremely-
small capacitance [208, 451, 452]. Although the plasmonic MZM has recently proven a
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similar modulation distortion to that of commercial electro-optic modulators [453, 454], plas-
monic modulators with low Vpi, RF and low insertion loss need to be further explored to justify
their technical insertions in high-RF-link-performance IMWP systems.
8.2.3 Low-Loss On-Chip Photonic Link
Low-loss on-chip photonic links are critical to avoid excess optical loss which can deteriorate
the RF link gain and noise figure. On the other hand, low-loss waveguides are also impor-
tant for functional optical devices. For example, ring resonators implemented by low-loss
waveguides can offer high-resolution RF processing bandwidth in the level of GHz or even
sub-GHz.
Ultra-low-loss silicon waveguides can be achieved by using a large cross section with
a thickness of > 300 nm and a width of > 2 µm [218, 434, 435]. With reduced scattering
loss from sidewalls and the top surface, an ultra-low propagation loss of 0.026 dB/cm was
achieved [434]. Similarly, Si3N4 waveguides can provide a typical propagation loss of <
0.1 dB/cm [179, 225, 229]. The emerging integrated LiNbO3 rib waveguides achieves a
propagation loss of ∼ 0.03 dB/cm [185], using a partially-etched thickness of 600 nm and a
typical width of 2.4 µm. The ultra-low-loss LiNbO3 waveguides can be seamlessly connected
with the high-performance integrated LiNbO3 modulator without negligible interconnection
loss. With such superior properties, the integrated LiNbO3 photonic platform is promising to
change the landscape of IMWP in the future.
Since there is no single material platform that can provide complete functions for fully-
integrated IMWP systems, it is highly possible to integrated multiple materials on the mono-
lithic chip. For example, to achieve a fully-integrated MWP systems, InP-based materials are
need to implement active optoelectronic components such as laser and photodetectors, while
Si3N4 and silicon waveguides are needed for ultra-low-loss interconnections and functional
devices. In the meantime, materials with high optical nonliearity such as LiNbO3 and As2S3
are desired to achieve advanced photonic processing. To this end, it is expected to consider
the on-chip optical coupling between waveguides based on different materials. Mature ap-
proaches such as vertical directional couplers and vertical adiabatic tapers enable efficient
coupling between silicon and Si3N4 waveguides, exhibiting a negligible loss of ∼ 0.2 dB [17,
252, 441]. These methods should hold for the coupling between other materials, such as
silicon, Si3N4, LiNbO3 and As2S3.
8.2.4 High-Efficiency Photodetector
On-chip photodetectors with a responsivity of ∼ 1.04 A/W was recently demonstrated, based
on the Germanium-on-Silicon integration with enhanced efficiency by whispering-gallery-
mode-based structures [455]. However, achieving high responsivity can only increase the RF
link gain, while the noise figure remains unchanged in the RIN-noise-limited regime. This is
because the RF link gain increases as the same rate as the RIN noise, when the photocurrent
is improved.
A more attractive way to improve RF link performance via photodetection is using bal-
anced photodetection. The balanced photodetection is able to eliminate common intensity
noises, mainly RIN noise. As a result, the laser power can be reduced, since low-biasing
modulation is not required to reduce the RIN noise. However, it is challenging to achieve
stable balanced photodetection in a fiber-based MWP link, due to the mechanical instability
and difficult matching of two photonic paths. Fortunately, the photonic integration provides
an ideal platform to accommodate the balanced photodetection scheme, due to its inherent
advantages in massive integration of photonic devices, mechanical stability and precise con-
trol of on-chip optical paths [456].
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8.2.5 Pairing Broadband and High-Resolution RF Photonic Processing
On-chip SBS has been conceived as a promising tool to provide ultra-high-resolution RF sig-
nal processing capability. However, the high-resolution processing is not enough for modern
RF photonic systems which must tackle mixed RF signals with GHz and MHz bandwidth
at different bands in complex RF spectral environments [36, 37, 457]. Although Brillouin
response bandwidth can be broadened to a few hundreds of MHz using broadband optical
pump, the power-hungry Brillouin-based processing is not suitable or practical to simultane-
ously handle broadband and narrowband RF signals.
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Figure 8.2: An illustrative example of an IMWP multi-band filter response
based on a hybrid photonic circuit that integrates SBS and functional optical
devices such as ring resonators.
To achieve low power consumption, a promising but not yet being demonstrated approach
is to pair the broadband processing capability of on-chip linear optical devices and high-
resolution processing offered by on-chip SBS, as shown in Fig. 8.2. On-chip linear optical
devices such as silicon and Si3N4 ring resonators have a quality factor typically in a range
from 0.1×104 to 1×106 [179, 180, 268], corresponding to a spectral resolution spanning
from 200 MHz to 20 GHz. On-chip sub-wavelength Bragg gratings and phase-shift grating
can offer a similar spectral resolution [105]. Such an inherent broadband optical response
is capable of processing RF signals with a bandwidth of > GHz, without consuming optical
pump power. In the meantime, the narrowband RF signals or monotone RF interference
signal at discrete frequencies are processed by high-resolution SBS responses, at the cost
of a lower pump power within the power consumption budget. As a result, a multi-band
IMWP filter that has passbands and stopbands with different bandwidths can be implemented.
Moreover, the concept of pairing broadband and high-resolution photonic processing can be
extended to IMWP true-time delay lines, in which the SBS resonance precisely shifts the
optical carrier phase and other functional photonic devices provide broadband time delay for
signals carried by optical sidebands.
The multi-band IMWP filter can be directly realized using Si-As2S3 hybrid integrated
photonic circuits, in which silicon ring resonators, sub-wavelength Bragg grating and Bril-
louin circuits are simultaneously integrated, as shown in Fig. 8.1. Using the RF interference
technique [136], the power consumption can be further reduced to the level of tens of mW,
while achieving ultra-high extinction ratio of the multi-band filter response. The link opti-
mization techniques can also be applied to improve the RF link performance.
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8.2.6 Adiabatic Inter-Layer Coupling in the Hybrid Chip
To translate the Si-As2S3 hybrid chip to widespread applications, the on-chip device perfor-
mance needs to be optimized to avoid prohibitive cumulative loss and cross talk. However,
the optical coupling in the Si-As2S3 waveguide transition region remains problematic, as
shown in Fig. 8.1. The optical coupling between waveguides based on different materials is
achieved through the optical mode expansion. As discussed in Chapter 7, this optical mode
expansion process causes a high level of mode cross talks, since there is a large mode pattern
mismatching, due to the large differences in waveguide cross sections and refractive indices.
Thus, this non-adiabatic optical coupling leads to non-negligible optical losses and modal
cross talks, which deteriorated the experimental results presented in Chapter 7.
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Figure 8.3: Schematic of a modal coupler in a multi-layer integration circuit.
Si and As2S3 waveguides are located at different layers, separated by a silica
upper cladding.
A promising solution to bypass this issue is to adopt vertically inter-layer coupling be-
tween waveguides based on different materials, as shown in Fig. 8.3. The optical coupling
is based on the phase-matching condition of optical modes, so that precise optical coupling
to specific optical modes can be realized. As shown in Fig. 8.3, tapered waveguides in the
coupling regime is used to achieve the phase matching of optical modes in two waveguides,
with high tolerance of dimension variations caused by fabrication errors. This inter-layer
coupling technology has been demonstrated to achieve efficient optical coupling between Si
and Si3N4 waveguides with negligible optical loss [252, 441]. This technique should also
hold for the multi-layer integration of Si and As2S3 circuits, once the inter-layer gap and
waveguide dimension are optimized.
Another less obvious advantage of this multi-layer integration is to simplify the fabri-
cation process and to reduce the footprint. In the fabrication process of the hybrid chip
discussed in Chapter 7, a large area of silicon needs to be removed to leave an open region
for As2S3 deposition, which costs longer EBL writing time and increases the chip footprint.
These two disadvantages can be avoided by using the three-dimension (3D) integration of
multi-layer photonic circuits, since photonic waveguides in different materials are vertically
stacked.
8.2.7 Low-Noise Brillouin Photonic Processing
A long-standing issue of Brillouin-based photonic processing is the notorious amplification
noise which significantly deteriorates the SNR and eventually increases noise figure [458,
459]. The excess amplification noise is induced by the interaction of the intense optical
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pump wave and the thermal acoustic waves. This process generates non-coherent scattered
optical waves [344]. This ASE-like SBS noise coincides with the signal of interest at Stokes
frequency, leading to SNR degradation of signals within the SBS gain spectrum.
Several techniques were proposed to mitigate the high amplification noise in the Brillouin-
based filter passbands, such as the multi-stage Brillouin amplification [460] and the Brillouin-
loss-based filter scheme [461, 462]. The former approach spreads the optical pump power to
two Brillouin amplification stage, so that less intense pump power can avoid excess ampli-
fication noise at each stage, achieving an SNR penalty of < 10 dB when SBS gain exceeds
50 dB [460]. The latter scheme avoids using SBS gain to form filter passbands. Instead,
SBS loss response at anti-Stokes frequency is used to reject the out-of-band signals, while
the signals in the passband remain unprocessed. Therefore, the signal in the passband is free
from the SBS-induced noise, achieving a passband noise figure of < 20 dB [462]. However,
the Brillouin-induced noises still exist in the filter stopbands.
Another promising way is to avoid the direct use of Brillouin amplification for signal pro-
cessing, which was demonstrated using a photonic-phononic emitter-receiver (PPER) scheme
[332, 333]. The forward SBS in suspended silicon emitter waveguide transduces the RF sig-
nal into the acoustic wave. The RF signal can be filtered by the transfer function of the acous-
tic response. After the acoustic wave is emitted to a spatially-separated receiver waveguide,
the encoded acoustic wave transfers the filtered RF signal to the probe wave via acousto-optic
modulation. This PPER schemes produces an SFDR3 of 105 dB·Hz2/3 and a noise figure of
21 dB [333]. However, IMWP filters based on the PPER scheme lack the filter response
reconfigurability.
Separating the processed signal from the Brillouin-noise is a more fundamental and in-
triguing way to achieve low-noise or noise-free Brillouin signal processing. A proof-of-
concept demonstration of filtering out SBS noise from the amplified signal was recently
reported, by means of adding different orbital angular momentum (OAM) labels to the signal
wave and the noise wave [463]. This noise separation technique allows for discriminating
extremely weak signals from a strong noise background produced by the SBS amplification
process. In a homogeneous bulk material, the thermal acoustic wave occupies the funda-
mental mode in Laguerre-Gauss (LG) space, i.e. the fundamental OAM eigenstate. In the
demonstration, the signal wave was converted to a higher-excited OAM mode, while the
pump wave stays in the fundamental OAM mode. After the inter-OAM-modal SBS interac-
tion, the amplified signal wave remains in the higher-excited OAM mode, while the Brillouin
noise still occupies the fundamental mode. In the end, the signal wave can be purified by
stripping the Brillouin noise using an OAM mode filter. This novel scheme permits the
quasi-noise-free signal processing based on SBS process in the near future. This Brillouin
noise filtering technique is promising to be combined with the on-chip backward inter-modal
SBS (BIBS) process demonstrated in Chapter 7, since the hybrid photonic circuit possesses
orthogonal spatial modes, mode converters and mode filters (modal multiplexers and demul-
tiplexers). This intriguing quasi-noise-free processing can unlock the full potential of the
monolithic Brillouin-based IMWP processor shown in Fig. 8.1, changing the landscape of
on-chip Brillouin-based signal processing.
In summary, the future realization of high-performance monolithic IMWP Brillouin pro-
cessors requires the heterogeneous/hybrid photonic integration technologies. To achieve high
RF performance, high-performance on-chip optoelectronic devices, low-loss photonic cir-
cuits and adiabatic optical coupling between different materials are desired, which are rapidly
progressing using advanced materials and photonic integration techniques. The combination
of on-chip functional devices and SBS promises versatile and programmable RF photonic
signal processing capability, which can never be achieved using traditional electronic de-
vices. For future research, on-chip SBS must offer more than flexible processing and high
spectral resolution. The ultra-low-noise Brillouin lasers and the possible noise-free Brillouin
8.2. Outlook 195
processing using inter-modal SBS may unlock the full potential of Brillouin-based IMWP
signal processing.
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